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Abstract
Pumping Potential of a FMC Structure with Negative Effective
Poisson’s Ratio
Zhen Yin
Supervising Professor: Dr. Hany Ghoneim
The pumping potential (PP) of a structure is defined as the ratio of the relative volume
change to a relative input stroke. It is introduced to evaluate the volumetric efficiency of a
pump. The value of the PP is related to the geometric characteristics and the material prop-
erties of the pump structure. A single-layer hyperbolic shell-of-revolution flexible matrix
composite (FMC) structure was investigated by Ghoneim and Noor. When under torsion,
the rotation of the hyperbolic shell structure causes the throat diameter and the character-
istic length to simultaneously decrease, rendering a substantial volumetric decrease and
consequently a high PP. Some fibrous composite materials can have negative Effective
Poisson’s ratio. One of their most distinguished characteristics is that they laterally ex-
pand under stretching and contract under compression, while for an isotropic material hav-
ing positive Poisson’s ratio, it expands under compression and contracts under stretching.
Therefore, when subjected to axial loading, the relative volume change of a structure made
of negative Poisson’s ratio materials would be larger than the corresponding one made of
a conventional material. When applied to a pump structure, this characteristic (negative
vii
effective Poisson’s ratio) is expected to increase the pumping potential due to the larger
relative volume change. For FMC laminates, when fiber orientation angles are properly set
up, a high negative effective Poisson’s ratio can be obtained. As a result, structures made of
these FMC laminates could engender a larger PP. Our work attempts to improve upon the
PP of the single-layer hyperbolic shell structure by using multi-layer FMC materials with
negative effective Poisson’s ratio. The study is conducted both analytically and experimen-
tally. The PP of FMC, with negative effective Poisson’s ratio, cylindrical and hyperboloid
structures using built-in Matlab codes as well as the ANSYS finite element package, is
evaluated. In addition, hyperboloid FMC structures are built and tested. The analytical and
experimental PP are compared. The work concludes that the negative Poisson’s ratio has
considerably improved the PP of the hyperboloid structure.
Keywords: Flexible matrix composite, hyperboloid, negative Poisson’s ratio, Polyurethane
viii
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1Chapter 1
Introduction
A pump is a device used in almost every machine. Its primary function is to transport
fluid by mechanical action. The volumetric efficiency of a pump can be evaluated by its
pumping potential (PP). Pumping potential is defined as the relative volume change caused





where ∆V is the volumetric change, V0 is the initial volume, L0 is an initial characteristic
length, and ∆L is the change of the length, as shown in Fig. 1.1. Since it is the structural
shape as well as the material forming the pump’s body that affect the change in the volume
and the characteristic length, the pumping potential is also influenced by these two factors.
Load
Figure 1.1: An illustration of the definition of pumping potential
2Consequently, to achieve a high pumping potential, different types of structural shapes
and materials shave been investigated. Using angle-ply FMC laminates, although a large
external load is required, a barrel-shaped pump can achieve a PP as high as ten [13]. By
taking advantage of the hyperboloid geometry, a single-ply hyperbolic-shaped pumping
structure can achieve a relatively high PP while only requiring a small torsional load [12].
The attempt of our current research is to further improve the pumping efficiency based
on the hyperboloid geometry, while still requiring a relatively small external load for the
pumping action.
In our work, a symmetric FMC laminate instead of a single-ply lamina is applied to the
body of the pump (Fig. 1.2). By adopting the proper fiber orientation angles [θ/α]s,
the multi-layer FMC structure can exhibit the phenomenon of negative effective Poisson’s
ratio. This means the radius of the hyperboloid structure is reduced under compression.
Thereby, the volume reduction of the multi-layer hyperboloid structure is more than that of
the corresponding single-ply one under the same external load. That is, the PP is expected
to increase. By using a hyperboloid geometry, our work also inherits the advantages of
the single-ply FMC hyperboloid structure. The analysis is conducted both analytically in
MATLAB and ANSYS, and experimentally.
Figure 1.2: An illustration of a multi-layer FMC hyperboloid pump structure
3In this work, Chapter 1 mainly introduces the background information and materials used
in our research. In Chapter 2, literature review of related researches is presented. The
analytical and experimental work is discussed in Chapter 3 and 4 respectively. Chapter 5
presents our conclusion.
1.1 Pumps
A pump is a mechanical device to move fluids including liquids, gases and sometimes
slurries by the reciprocating or rotary mechanism. Based on the ways pumps transport the
fluid, generally they can be classified into three categories: direct lift, displacement and
gravity pumps. Pumps are used in a wide range of industrial and medical applications such
as aeration, pumping oil and artificial hearts.
A positive displacement pump moves fluid by forcing a certain amount of trapped fluid into
the discharge pipe. Common types of the positive displacement pump include:
• Rotary-type: gear and screw pumps (Fig. 1.3a).
• Linear-type: rope and chain pumps (Fig. 1.3b).
• Reciprocating-type: piston and diaphragm pumps (Fig. 1.3c).
Our design of the prototype pump using the FMC body can be classified as a positive
displacement pump. Similar to the diaphragm pumps (Fig. 1.3c), which make use of the
reciprocating action of a flexible rubber membrane and proper valves, our multi-layer shell-
of-revolution hyperboloid structure also uses the deformation of a FMC material to trans-
port fluids. However, unlike diaphragm pumps, of which the main body is rigid, the FMC
hyperboloid structure has a flexible body. Combining the flexibility with the effect of the
negative effective Poisson’s ratio, it is expected that the prototype FMC hyperboloid pump
would have a larger pumping potential.
4(a) External gear pump (b) Rope pump
(c) Diaphragm pump
Figure 1.3: Common types of positive displacement pumps
1.2 Hyperboloid Structure
A hyperboloid is a quadric surface of revolution obtained by the rotation of a hyperbola.
If the hyperbola is rotated about the line connecting the foci , it gives rise to a one sheet
hyperboloid (Fig. 1.4a). If the hyperbola is rotated about the perpendicular bisector of the
line passing through the foci (Fig. 1.4b), a two sheet hyperboloid is generated [19].
5(a) Hyperboloid of two sheet (b) Hyperboloid of one sheet
Figure 1.4: Two types of hyperboloid [31]
Another interesting fact of the hyperboloid is that it can also be generated by rotating a
straight line about a skew axis (Fig. 1.5), which means that there are infinite number of
straight lines on the surface of a hyperbola [19]. This feature facilitates the task of con-
structing the hyperboloid structure using continuous fibrous composite materials. By sim-
ply laying up the fibers in straight lines with a specific angle, the structure can be manually
built.
Figure 1.5: Hyperboloid made by straight fibers [32]
6The hyperboloid geometry is often applied to architecture design especially those high off
ground because it can provide more structural strength and stability than straight build-
ings [3]. Besides, the feature that the hyperboloid can be generated by straight lines also
make it easier to be built than other structures with curved geometry.
1.3 Fibrous Composite Materials
A composite is a material which has two or more chemically distinct phases and has charac-
teristics different from any of the individual component in isolation [6]. Fibrous composites
are those having two distinct constituents, fibers and matrix, where the fibers serve as the
reinforcement of the matrix [18].
Composite materials have many advantages. First, compared to traditional monolithic ma-
terials such as steel and aluminum, composite materials have many better physical proper-
ties including lighter weight, less thermal expansion, higher specific stiffness and strength,
and better fatigue resistance. Second, composite materials provide an advantage of a more
flexible design; they can be tailored to an optimum design to meet a specific requirement.
Therefore, composite materials are used in many applications such as in aerospace struc-
tures, medical devices and military equipments [6].
1.3.1 Fibers
In fibrous composites, fibers provide strength and stiffness. Forms of reinforcements in-
clude not only long fibers but also particles, flakes, short fibers, sheets, etc [6]. The most
common reinforcement is the fibrous form since composites are usually stronger and stiffer
in this form. Common types of fibers includes glass fibers, boron fibers and carbon fibers.
In our work, carbon fiber is chosen to be the reinforcement.
7Carbon fiber is a generic name representing a family of fibers. It is one of the most im-
portant fiber reinforcements in polymer matrix composites because of their high strength,
high modulus and low density. There are three forms of carbon, graphite, diamond and
fullerene. Carbon fibers belong to the graphite family, which has a layered crystal structure
with carbon layers stacked in the AB sequence (Fig. 1.6) [5, 8].
Figure 1.6: Hexagonal micro-structure of graphite [6]
For graphite, within the layers, the chemical bondings between the carbon atoms are cova-
lent and metallic bondings, which lead to the high strength and high modulus in the plane
of carbon layers. The interlayer bondings are Van der Waals forces, which is much weaker
than the covalent bonding. The difference between the in-plane and out-of-plane bonding
results in that graphite is much stronger and stiffer in the plane of carbon layers than in the
direction perpendicular to them.
In a carbon fiber, the carbon layers are not randomly oriented but aligned with the fiber
axis (Fig. 1.7). This means that the mechanical properties of a fiber in the axial direction
are much superior to those in the transverse direction. Because fibrous composite materials
are usually designed to make use of the axial properties of the fibers, the inferior transverse
properties do not matter much.
8Figure 1.7: Orientation of a carbon layer along the fiber axis [8]
1.3.2 Matrix Materials
The functions of matrix materials are to form the structural shape, protect the fibers from the
environment and support the reinforcement by maintaining their relative position. In fibrous
composites, polymers, metals and ceramics can all serve as matrix materials. Among them,
polymeric materials are chosen as the matrices in our work because they are flexible, light
and more resistant to chemicals.
Based on the molecular forces, polymeric materials are classified as thermosets, thermo-
plastics and elastomers. Thermosetting polymers irreversibly cure and are usually in the
liquid form before curing. They are highly cross-linked1 during fabrication and are gen-
erally stronger than thermoplastic polymers, however, they are brittle and may have very
low resistance to crack propagation. Common thermosetting polymers include epoxies,
polyimides and polyester. Thermoplastics are featured by linear chain molecules, and it
can be softened and reshaped by heat and pressure. They usually have higher strain-to-
failure values than thermosetting polymers. Common thermoplastics are polypropylene,
1A cross-link is a bond that links polymer chains with each other. It can be a covalent bond or a ionic
bond.
9nylon and polycarbonate. An elastomer, also called rubber, is a kind of viscoelastic poly-
mer having low Young’s modulus and high failure strain. It has randomly coiled molecular
chains with few cross-links. Generally elastomers are thermosetting but some of them are
thermoplastic. Common elastomers include silicone rubber and polyurethane [6, 18, 29].
Polyurethane (PUR) is a kind of elastomer made of a chain of organic units joined by
urethane2 links (Fig. 1.8). Compared to some other polymers, PURs can have a better
performance regarding flexibility, tear resistance and abrasion resistance. Therefore, PURs
are often applied in devices where friction and bending happen repeatedly, such as artifi-
cial hearts, catheter tubing, intra-aortic balloon pumps3 [20]. Because of these properties,
polyurethane is used as the matrix material for the proposed pump structure.
Figure 1.8: Synthesis of polyurethane [20]
2Urethane is a kind of organic compound derived from carbamic acid (NH2COOH).
3Intra-aortic balloon pump (IABP) is a mechanical device that increases myocardial oxygen perfusion
while at the same time increasing cardiac output.
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1.3.3 Laminates
A unidirectional lamina is composed of one or multiple layers of materials with all fibers
in the same direction. Laminates (Fig. 1.9) are made by stacking the unidirectional lamina
at different fiber orientations. The effective properties of the laminate change with the fiber
orientation, thickness and the stacking sequence.
Figure 1.9: Example of a laminate [27]
There are different types of special laminates defined by the ways the layers are laid. A
symmetric laminate (Fig. 1.10) is one where the stacking sequence is symmetric about the
mid plane of the laminate. An angle-ply laminate consists of an equal amount of layers with
fiber orientations as θ and −θ . In our work, three- and four-layer symmetric laminates are
considered.
Mid Plane
Figure 1.10: A four-layer symmetric laminate
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1.4 Effective Poisson’s Ratio
Strictly speaking, a fibrous composite is not a material but a structure because it is actu-
ally discontinuous at the micro scale. Therefore, the term ”effective properties” are used
to describe the characteristics of a fibrous composite. In composite materials, effective
Poisson’s ratio is introduced to measure the Poisson effect.
From the perspective of micromechanics, in terms of the phase properties and fiber volume
fraction, the effective axial Poisson’s ratio is expressed as [16]:
ν12 = (1−Vf )νm+Vfνm
+
Vf (1−Vf )(ν f −νm)
(
µm/(km+µm/3)−µm/(k f +µ f /3)
)
(1−Vf )νm/(k f +ν f /3)+Vfνm/(km+νm/3)+1
(1.2)
where subscripts f and m indicate fiber and matrix respectively, V represents the fiber
volume fraction1, µ is shear modulus and k is the bulk modulus.
For a cylindrical laminated tube, the effective Poisson’s ratio is defined as the negative ratio






A negative effective Poisson’s ratio means that the material or the structure contracts trans-
versely under compression, and expands under stretching. For a pumping structure, it is
expect to experience a larger volume change if it has a negative effective Poisson’s ratio as
illustrated in Fig. 1.11. Hence, a higher pumping potential is obtained.
1Fiber volume fraction means the ratio of the volume of fibers and the overall volume of the material
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(a) A tube with positive effective Poisson’s ratio
(b) A tube with negative effective Poisson’s ratio
Figure 1.11: Comparison between tubes with positive and negative Poisson’s ratio under
axial compression
1.5 Objectives of the Work
The primary objectives of our research are to:
• Improve the pumping potential of a hyperboloid structure
• Study the feasibility of the negative effective Poisson’s ratio effect on improving the




To achieve a high pumping potential, different structural geometries, materials and mech-
anisms have been investigated by researchers. In section 2.1, flexible-body structures of
barrel-like, single-ply hyperboloid and near conic left-ventricle-like are introduced. Their
pumping potential are listed and compared. In section 2.2, materials which can have nega-
tive effective Poisson’s ratio, such as auxetic foams and flexible matrix fibrous composites,
are described. Their distinguished features and properties are also presented. Section 2.3
is a summary of the literature review and the concepts of our work.
2.1 Flexible-body Structures with High Pumping Poten-
tial
The pumping potential of a flexible-body pump is affected by many factors such as the
surface geometry, properties of the flexible materials and the types of the external loads.
Many researches have been conducted in order to increase the pumping potential of these
flexible-body pumps.
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An idea of using the angle-ply1 FMC axisymmetric shell-of-revolution structure is inves-
tigated by Ghoneim [10]. This idea is based on the high in-plane effective Poisson’s ratio
that an angle-ply FMC can achieve. Figure. 2.1 shows that carbon/polyurethane can the-
oretically achieve an in-plane effective Poisson’s ratio as high as 10. The high value of
Figure 2.1: Effective in-plane Poissons ratio for free-ends
cylinder under infinitesimal elastic deformation [10]
the Poisson’s ratio indicates
that an axisymmetric shell-
of-revolution structure can
experience a substantial re-
duction of its diameter upon
stretching. Hence, a large
volume reduction can be ob-
tained. Lawrie2 has applied
this idea to different applica-
tions including a pneumatic
cylindrical pump which how-
ever has not been function-
able. Ghoneim and San-
tos [13] further extend the work by introducing a barrel-shaped shell-of-revolution car-
bon/polyurethane structure (Fig. 2.2). They study the effects of shape, geometric and
material nonlinearity on the pumping action of the structure. Though the barrel-shaped
shell renders a large reduction of its diameter upon stretching (Fig. 2.3), which results in
a high pumping potential, it requires a huge axial load which limits its practicability. The
high in-plane effective Poisson’s ratio of the angle-ply FMC is also noticed by Shan and
Bakis [28]. A novel axial actuator is produced by them based on this concept.
1An angle-ply fibrous composite is a composite which has fiber orientations as [±θ f ]
2Duncan J. Lawrie, President, Lawrie Technology Inc, Girard, PA 16417
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Figure 2.2: Barrel-shaped






Figure 2.3: Deformation of Barrel-shaped
structure upon stretching
Another idea of a single-ply FMC hyperboloid structure 2.4 is also investigated by Ghoneim
and Noor [12]. For this structure, there are two factors contributing to its high potential as
a pump. Firstly, a large volume reduction can be achieved with a relatively small angular
twist. Figure. 2.5 demonstrates that, under the assumption of rigid fibers and a matrix
material with negligible stiffness3, upon twisting both the length and the throat diameter
decrease, rendering a large volume reduction. Secondly, because of the small torsional stiff-
ness, a relatively small torque is needed. Further work to increase the pumping potential of
the hyperboloid structure is introduced in this work.
3Under this assumption, fibers always maintain straight upon twisting
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Figure 2.4: Experimental prototype of
the single-ply FMC hyperboloid
structure [12]
Figure 2.5: Schematic of the deformation
and volume reduction of a hyperboloid
shell-of-revolution upon twisting [12]
Ghoneim and Chanda also investigate the pumping potential of both single-layer and two-
layer left-ventricle-like (LV-like) FMC structures [4, 11]. This idea is inspired by the left
ventricle of the heart, which has a high pumping potential of 3.3 - 4.0 [15, 25]. According
to the dissection results [30], the left ventricle of a heart is produced from a single fibrous
band, called helical ventricular myocardial band (Fig. 2.6a). They introduce a near conical
heart-like FMC with shape memory alloy as the fibers and polyurethane as the matrix. Two
structures are studied: a single layer structure with the fibers running along the principle
direction of the band (Fig. 2.6b) and a two-layer one, with the fibers approximating as
much as possible the fiber directions of the HVMB. The PP of the two-layer structure is
higher than that of the single-layer, but slightly lower than that of the left ventricle of the
heart.
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(a) The helical ventricular myocardial
band (HVMB) [9]
(b) Twist and Loop of a single layer LV-like
structure [4]
Figure 2.6: Biomimic left-ventricle-like FMC structure
Table. 2.1 shows the pumping potential as well as the basic features of different flexible-
body structures:
Table 2.1: Comparison of different flexible-body structures
Structures Pumping Potential External Loads
Cylinder-piston 1.0 Via a crank shaft
Barrel-shaped 10.33 Very large axial load
Single-ply hyperboloid 2.59 Relatively small torsion
Single-layer LV-like 1.67-1.88 Through the deformation of shape-memory alloy
Two-layer LV-like 2.85-2.95 Same as above
Heart 3.3-4.0 Heart’s muscle fibers contraction
This thesis adopts the geometry of the hyperboloid structure and introduces the concept of
negative effective Poisson’s ratio to further improve the pumping potential of the hyper-
boloid structure.
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2.2 Materials with Negative Effective Poisson’s Ratio
Based on the theory of elasticity, theoretically the Poisson’s ratio of an isotropic material
is between the range of [−1,0.5]. For most of the natural materials, except for a few types
of anisotropic crystals, the Poisson’s ratio has a positive value [26]. Therefore, to achieve
a negative Poisson’s ratio, researches are focusing on artificial engineering materials. Ma-
terials proposed to have a negative Poisson’s ratio include foams with re-entrant structures,
hierarchical laminates, polymetric foams and microporous polymers [1].
Auxetic foams (Fig. 2.7b) are composite materials having negative effective Poisson’s
ratio, which is due to its hinge-like structure4. Fig. 2.7 shows the comparison between the
response of the conventional materials and auxetics upon stretching. The auxetic sample
expands under stretching.
(a) (b)
Figure 2.7: The conventional foam (a) and the auxetic foam (b) under tension [2]
The development of auxetic foams dates back to early 1980s. Lakes [21, 22] first developed
an auxetic material with the re-entrant hexagonal mesh (Fig. 2.8) resulting in the negative
effective Poisson’s ratio. It can be produced from conventional open-cell foams through
a process involving volumetric compression, heating and cooling while remaining under
4This structure may refer to single molecules or a structure from a macroscopic scale
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compression. This process makes the ribs of each cell inward, which leads to the expansion
of the material under stretching.
Figure 2.8: The deformation of the re-entrant hexagonal mesh under uni-axial load [14]
Bertoldi et al [1] propose an idea to achieve negative Poisson’s ratio using elastic instabil-
ity. An elastomer 2D structure with a lattice of circular holes (Fig. 2.9) is built and tested.
However, the two dimensional behavior of the negative Poisson’s ratio of this structure only
shows when under compression.
Figure 2.9: The lattice elastomer structure showing the behavior of the negative Poisson’s
ratio under compression [1]
Miller et al [23, 24] developed a negative Poisson’s ratio fibre composite with helix yarn
reinforcement. As shown in Fig. 2.10, when the double-helix yarn is stretched along axial
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direction, the stiffer wrap becomes a helix with zero pitch while the initially straight, thick
elastometric core becomes a helix. By so, the negative Poisson’s ratio is achieved.
Figure 2.10: The double-helix yarn system [23]
The negative effective Poisson’s ratio of a fibrous composite laminate is first predicted by
Herakovich [17]. Chen et al [7] built a flexible matrix composite laminate with a negative
effective Poisson’s ratio close to −1. They also predict a FMC laminate having a large
negative Poisson’s ratio if its fiber orientations are set properly.
Figure 2.11: The negative Poisson’s ratio FMC laminate by Chen et al [7]
21
2.3 Summary
The structure in our work inherits the geometric advantage of the single-layer hyperboloid
structure and use the negative effective Poisson’s ratio of the flexible matrix composite
laminate to further increase its pumping potential. It has the following distinguish features
that contribute to a higher pumping potential and a better performance of the structure as a
pump:
• A hyperboloid geometry which requires less external loads for the pumping action.
• A flexible body made of elastomer matrix fibrous composites which leads to a large
deformation under external loads.
• A proper fiber orientation in each layer which gives rise to a negative effective Pois-




The primary purposes of the analytical work are: first, predict the effects of fiber orienta-
tions as well as material and geometric properties on the effective Poisson’s ratio and the
pumping potential of the structures. Second, estimate the optimal fiber orientations and
material properties to achieve a higher pumping potential of the structures. In this chapter,
section 3.1 presents the analysis on the effect of the fiber orientation angles on the effective
Poisson’s ratio of laminated plates; section 3.2 analyzes the laminated cylindrical structure
and section 3.3 analyzes the laminated hyperboloid structure.
3.1 Analysis of laminated plates
In classic lamination theory, the effective axial Poisson’s ratio νxy and the through-the-



















where H is the total thickness of the laminate, a∗ and A are constant matrices associated
with the material properties, and Fi is a constant calculated from the compliance and stiff-
ness matrices [18].
Figure 3.1: A laminate in the global coordinate system
If the axial Poisson’s ratio νxy has a negative value, the laminate contracts upon axial com-
pression. This indicates that if a laminate with a negative axial Poisson’s ratio is looped to
a tube, the tube will experience a reduction of diameter (Fig. 3.2). Assuming the density of
the laminate does not change under axial loads, if the laminate has a negative axial effective
Poisson’s ratio, the total thickness of the laminate would increase due to the conservation
of mass, which indicates a positive through-the-thickness Poisson’s ratio.
Loop
Figure 3.2: A laminate with negative axial Poisson’s ratio upon looping
24
To get the relationship between the effective Poisson’s ratio and the fiber orientations of a
symmetric laminate, 4-layer symmetric laminates [θ/α]s are analyzed with the variation of
the geometry and properties of each unidirectional layer1.
3.1.1 Comparison between rigid matrix composite and flexible matrix
composite laminates
A flexible matrix composite material can undergo a much larger deformation than a com-
posite with a relatively rigid matrix under the same external loads. This indicates that the
axial effective Poisson’s ratio νxy and the through-the-thickness Poisson’s ratio νxz of a
flexible matrix composite laminate can have a large absolute value.
In this section, the effect of fiber orientation on the effective Poisson’s ratio of both rigid-
matrix composite (T300/5280 carbon/epoxy) and flexible-matrix composite (carbon/Polyurethane)
materials is analyzed. The geometric features (thickness) and material properties2 of both
laminates are presented in Table. 3.1.
Table 3.1: Geometry and material features of the composite materials
Geometry Features
Thickness of each layer 0.2 inch
Material Properties
Composite Lamina E1 (psi) E2 (psi) ν12 ν23 G12 (psi) G23 (psi)
T300/5280 carbon/epoxy 19.2e6 1.56e6 0.24 0.59 8.2e5 4.9e5
Carbon/polyurethane 20e6 50e3 0.32 0.58 12e3 20e3
Based on the classic lamination theory, a MATLAB program (Appendix. B.1) is written to
1It means the properties of each unidirectional layer of the laminate on its principle directions
2The material properties listed represent the properties of each unidirectional layer. The subscripts 1, 2,
and 3 are the principal directions of the lamina. The materials are considered as transversely isotropic, which
means E2 = E3, ν12 = ν13, G12 = G13
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estimate the effective Poisson’s ratio of a laminate. The effective axial and through-the-
thickness Poisson’s ratio as functions of θ and α for the range [−90,90]° is presented in
Figure. 3.3.
(a) Axial Poisson’s ratio νxy distribution of
T300/5280 carbon/epoxy
(b) Axial Poisson’s ratio νxy distribution of
carbon/polyurethane
(c) Through-the-thickness Poisson’s ratio
νxz distribution of T300/5280
(d) Through-the-thickness Poisson’s ratio
νxz distribution of carbon/polyurethane
Figure 3.3: Poisson’s ratio maps of rigid matrix and flexible matrix composite laminates
As it is shown in Fig. 3.3, a rigid matrix composite laminate has a wider range of fiber
orientations that renders a negative effective Poisson’s ratio than a flexible matrix compos-
ite material laminate, however, the flexible matrix composite laminate can achieve a much
larger negative effective Poisson’s ratio. It is also noticeable that when the axial Poisson’s
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ratio has a negative value, the through-the-thickness Poisson’s ratio is positive. This con-
firms the previous prediction based on the assumption of the conservation of volume.
The volumetric change of a tube is directly affected by the change of its inner radius. As it is
mentioned above, the inner radius of a tube made of a composite laminate is influenced by
the axial Poisson’s ratio of the laminate. When under certain axial compression, the more
negative the axial Poisson’s ratio is, the more reduction the inner radius will have. For the
carbon/polyurethane analyzed above, when θ = 46° and α = 4.5°, the axial Poisson’s ratio
νxy reaches its most negative value −5.3846. Because of the symmetry of the laminate,
νxy also has its most negative value at [θ/α] = [4.5°/46°], [θ/α] = [−46°/− 4.5°] and
[θ/α] = [−4.5°/−46°].
For the pumping structure in this work, one important property is the axial modulus, which
determines the external loads needed to achieve the required compression. Fig. 3.4 shows
the axial modulus Ex of carbon/epoxy and carbon/polyurethane as a function of the fiber
orientation angles. Clearly, the max modulus (stiffness) occurs in the vicinity of zero an-
gles. That is when the fibers are oriented along the axis of the applied load. When the fiber
orientation angles are far from zero, the axial modulus of the carbon/polyurethane is much
lower than that of the carbon/epoxy due to the flexibility of its matrix.
(a) Axial Modulus Ex of T300/5280
carbon/epoxy
(b) Axial Poisson’s ratio Ex of
carbon/polyurethane
Figure 3.4: Axial modulus maps of rigid matrix and flexible matrix composite laminates
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3.1.2 Comparison between 3 layer laminates and 4 layer symmetric
laminates
A three-layer composite laminate can be considered as a four-layer symmetric laminate
with a thinner interlayer. Hence, it can be assumed that a three-layer laminate would have
similar mechanical properties. Fig. 3.5 shows the comparison of mechanical properties
(axial modulus and Poisson’s ratio) between a 4-layer symmetric carbon/polyurethane lam-
inate and a 3-layer one. The thickness of each layer is 0.2 inch.
(a) (b)
(c) (d)
Figure 3.5: Comparison between a 4-layer symmetric carbon/polyurethane laminate and a
3 layer one: (1) Comparison of axial Poisson’s ratio maps: (a) the 4-layer symmetric
laminate (b) the 3-layer laminate; (2) Comparison of axial modulus maps: (c) the 4-layer
symmetric laminate (d) the 3-layer laminate
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Clearly, the Figure demonstrates that both 3-layer and 4-layer symmetric laminates have
similar properties.. For the 3-layer laminate with the thickness 0.2inch/layer, the maxi-
mum negative value of νxy is −6.3161, occurring at fiber orientation [−4°/− 45°/− 4°].
Also, noticeably that at the maximum negative axial Poisson’s ratio, the axial modulus of
the 3-layer laminate is lower than that of the corresponding 4-layer laminate. It indicates
that a 3-layer laminate structure may require less external loads than a 4-layer symmetric
one to achieve the same deformation.
In addition to saving materials and efforts, the analysis above suggests that it is better to go
a head with the 3-layer laminate rather than the 4-layer symmetric one. Next, the analysis
of cylindrical and hyperboloidal composite laminate structures is presented.
3.2 Simulation of cylindrical laminated tubes
A laminated tube is one of the few cases of fibrous composite materials where a pure
analytical solution can be found using classic lamination theory. The details of classic
theory of laminated tubes can be found in the book of Herakovich [18]. In this section,
laminated tubes are analyzed to serve as the basis for the simulation and the experimental
work of hyperboloid structures. The analysis is conducted using a MATLAB written code
based on the classic lamination theory (pure analysis), and a finite element simulation using
ANSYS software.
3.2.1 Pure analytical solution of laminated tubes
The volumetric change of a laminated tube (Fig. 3.6) is affected by the displacement at its









The effective Poisson’s ratio is calculated by a written MATLAB programs (Appendix. B.2)
based on the classic lamination theory. The deformation of finite-length laminated tubes is







Figure 3.6: A laminated tube in the global cylindrical coordinate system
The FMC properties used in the simulation is the same as those used in the previous section.
The geometric parameters of the laminated tubes are listed in Table. 3.2.
Table 3.2: Geometry features of the laminated tubes
Geometry Features
Length (inch) Inf
Inner radius (inch) 2
Number of the layers 4
Thickness of each layer (inch) 0.5
The map of the effective Poisson’s ratio νxθ as a function of fiber orientation angles θ
and α is shown in Fig. 3.7. The distribution of νxθ of the laminated tube with the fiber
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orientations is similar to that of νxy of a laminated plate, which confirms the prediction
made in the previous section. The value of νxθ can be as low as−5 near [θ/α]s= [5°/40°]s
and [θ/α]s = [40°/5°]s
(a) νxθ of a laminated tube (b) νxy of a laminated plate
Figure 3.7: (a) Map of Effective Poisson’s ratio νxθ of a laminated tube with variation of
fiber orientation angles, and its comparison with (b) the map of axial Poisson’s ratio νxy of
a laminate with the same thickness
3.2.2 Finite element analysis of laminated tubes
In the above simulation, the length of the cylindrical tube is set to be infinite. Therefore, the
finite element analysis is introduce to include the effect of the length and the associated end
boundary conditions. It also serves as a preliminary work for the finite element simulation
of the hyperboloid structures.
The finite element simulation is conducted in ANSYS, coded by APDL3. In simulation
each fibrous composite layer is treated as a homogeneous orthotropic material. Figure. 3.8
shows the finite element mesh and the orientations of each local element coordinate system
(shown as the blue and yellow axises). It is important to define the local element coordinate
3ANSYS Parametric Design Language. A scripting language used in ANSYS Batching
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systems in the analysis of fibrous composite because the angles between the x-direction of
the local and global coordinate systems determine the fiber orientations.
(a)
(b)
Figure 3.8: (a)The finite element mesh of the laminated tube and (b) the local element
coordinate systems (the blue and yellow axises)
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The FE analysis is conducted using shell elements (SHELL 181) as well as solid elements
(SOLID 185). For each simulation, two different boundary conditions are studied, and are
displayed in Table. 3.3.
Table 3.3: Boundary conditions of the finite element model of the tube
Types of Boundary Conditions
Type 1
All DOFs are fixed at the end z= 0; the radial
displacement is fixed at the other end4
Type 2
All DOFs are fixed at the end z= 0; the other
end is a free end
Shell elements, in general, substantially reduces the computational time and cost. How-
ever, the shell elements in general do not provide reliable information along the thickness
direction. Therefore, an analysis using the solid elements is introduced. Solid elements
are expected to provide more through-thickness information, and gives more accurate re-
sults for thick shells. Table. 3.4 displays the difference between the solutions of the shell
element SHELL181 and the solid element SOLID for cylindrical tubes with fiber orienta-
tion angles [θ/α]s = [40°/10°]s. The radial displacement at the inner radius in the middle
length of the cylindrical structure is used as a criterion for comparison between shell and
solid elements. The load applied is an axial compression of 1% of the whole length, and
the boundary conditions is Type 1. The thickness of each layer is 0.05 inch.
4This type of boundary condition is the same as that in the experiments
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Table 3.4: The comparison between shell and solid elements when fiber orientation is
[40°/10°]s, tube length L0 = 5 inch
Radial displacement at the inner radius in the Middle




Table. 3.4 is shown that the results of shell and solid elements are very close.
A comparison between the pure analytical solution and the finite element solution is pre-
sented in Table. 3.5. The table shows the results from both ANSYS and the pure analytical
method. For the FE analysis a tube with a very long length is adopted. Clearly, the FE and
the analytical results are very close.
Table 3.5: The comparison between finite element and analytical solution of laminated
tubes when [θ/α]s = [40°/10°]s











Analytical solution N.A. Inf -4.176530442
To further look into the phenomenon of the negative effective Poisson’s ratio of a finite-
length laminated cylindrical tube, the [10°/40°/10°] tube with length of 5 inch, inner radius
of 2 inch and thickness of each layer 0.05 inch is analyzed. The element used in the
simulation is SOLID 185 and the boundary condition is Type 1. Figure. 3.9 shows the
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deformation of the structure upon a 1% axial compression.
Figure 3.9: Deformation and the contour of radial displacement of a [10°/40°/10°]
laminated tube
It shows that even under the small compression, the reduction of the inner radius is con-
siderable. In the simulation5, the pumping potential of the [10°/40°/10°] laminated tube
under the small compression is 9.0014, which is much higher than that of the single-layer
hyperboloid structure and is close to the pumping potential of the barrel-shape structure.
Figure. 3.10 shows the variation of the radial displacement and the axial strain at the inner
radius along the axial direction. Based on the definition of the Poisson’s ratio in the classic




quently, from Figure. 3.10, it can be deduced that the effective Poisson’s ratio is negative,
and the Poisson’s ratio is much higher at the middle of the tube than at both ends. The
next step is to estimate the optimal fiber orientation angles of laminated tubes for a higher
pumping potential.
5Under the small compression, it is assumed to be a linear problem and the buckling effect is not
considered
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Figure 3.10: Radial displacement and axial strain of a [10°/40°/10°] laminated tube
along the axial direction
3.2.3 Estimation of the optimal fiber orientation angles
The estimation of the optimal fiber orientation of laminated tubes is conducted as a pre-
liminary work for the simulation and design of the hyperboloid structure. 3-layer [θ/α/θ ]
and 4-layer [θ/α]s laminated tubes are studied. The same geometric properties, material
properties and loading and boundary conditions are applied for both cases.
Figure. 3.11 shows the pumping potential of a 5 inch long, 3-layer [θ/α/θ ] laminated
tube as a discrete function of fiber orientation angles θ and α . The structure is under
1% axial compression. When [θ/α/θ ] = [10°/40°/10°], the pumping potential reaches
its maximum value of 9.0. The results agrees with the corresponding MATLAB pure an-
alytical results. This also provides a hint that the hyperboloid structure may also have
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Figure 3.11: A scatter of pumping potential of a 3-layer [θ/α/θ ] laminated tube
3.2.4 Nonlinear analysis of laminated tubes
The flexible-matrix composite material can have a large deformation even under a small
external load. Therefore, the geometric nonlinear7 analysis is necessary. In this section,
the geometric nonlinear solution is conducted in ANSYS and the results are compared with
the corresponding linear results.
6The throat of a hyperboloid is where the radius is the lowest, located in the middle length of the structure
7Geometric nonlinear means that large deformation is taken into consideration
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The geometric parameters in the nonlinear analysis is the same as those in the linear anal-
ysis. However, a lower mesh density is applied for the nonlinear analysis in order to accel-
erate the convergent rate of the solution.



































Figure 3.12: The comparison between the linear and nonlinear solution of a
[10°/40°/10°] laminated tube under the compression of 1% of its length
The Figure shows that the nonlinear analysis engenders a smaller radial displacement at the
mid-length of the structure. However near the ends, the value of the radial displacement
of the corresponding nonlinear solution is higher than that in the linear solution. As a
result, the pumping potential for both linear and nonlinear analyses are almost equal. In
the linear analysis, the pumping potential is 9.0014, while in the nonlinear analysis, the
pumpng potential is 8.9808.
Since in this work the applied displacement is in general small, for simplicity most of the
simulations are done under linear assumption.
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3.3 Simulation of hyperboloid structures
In this section, the geometric features of hyperboloids and the finite element analysis of
laminated hyperboloid structures conducted in ANSYS are presented. The derivations of
the hyperboloid geometry and the APDL code of the finite element analysis can be found
in Appendices. A and B.5, respectively.
3.3.1 Analysis of the geometric features of hyperboloid structures
Identifying the hyperboloid surface parameters which define and control the geometry is
a preliminary step for the FE modeling and the experimental work. Using the fact that a
hyperboloid of one sheet can be generated by a straight line rotating about a skew axis, the
mathematical expression of a hyperboloid of one sheet in the Cartesian coordinate system
(Figure. 3.13) can be expressed as:







Where αs represents the wrapping angle8 of the straight line generating the hyperboloid; H
is the height of the hyperboloid and R is the radius of the ends.
8The wrapping angle is the angle shown in Figure. 3.13
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Figure 3.13: A hyperboloid surface in the Cartesian coordinate system
In the classic lamination theory, the fiber orientation angle is defined as the angle between
the fiber direction and the x-axis of the local coordinate system. For a hyperboloid, the
x-direction of the local coordinate system changes along the global axial direction. In the
actual built hyperboloid structure, the fibers in the first layer (inner layer) of the structure
are the straight lines that form the hyperboloid. Therefore, the fiber orientation angle of
a straight fiber also changes along the axial direction. As shown in Figure. 3.14, the fiber
orientation angle θs of the straight line can be expressed as:
θs = lim
dz→0
arccos(−→u P′Q′ ·−→u AB′) (3.4)
Where−→u P′Q′ and−→u AB′ represent the unit vectors of the lines P′Q′ and AB′, where P′Q′ is a
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differential line along the meridian, and AB is the line representing the fiber direction. The
curves C and C′ are two neighbor cross section of the hyperboloid. The fiber orientation
angle of the straight fiber can also be further expressed as a function of z and the wrapping
angle αs (Appendix. A).
Figure 3.14: An illustration of the expression of the fiber orientation angle of the straight
fibers
In the experiment, the fibers in the interlayer are laid up on the first layer, engendering
curved fibers. The curved fibers can be viewed as the intersection between a plane go-
ing through the center of the hyperboloid Oc and the hyperboloid surface, shown in Fig-
ure. 3.15.
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Figure 3.15: An illustration of the curved fiber as the intersection between a plane (green)
and the hyperboloid surface
Using the expressions of the plane and the hyperboloid, the expression of the curved fiber











Where G1 = 1+
a1c12
c32
, G2 = −(2a1c1c4c32 +
a2c1
c3
), G3 = a3− a1c32 c4
2− a2c4
c3
, and a1 =
−4R2 sin2 αs2 , a2 = 4R2 sin2 αs2 , a3 = R2, c1 = y0Rcos αs2 cotβm, c2 = −x0Rcos αs2 cotβm,
c3 =−R2 cos2 αs2 , c4 =−R2 cos2 αs2 H2 .9
9βm in the following expression means the fiber orientation angle of the curved fiber at the throat of the
hyperboloid
42





























Combining Equation. 3.5 and Equation. 3.6, the fiber orientation angle of the curved fiber
β can be obtained:
β = arccos(−→u lc ·
−→
S ) (3.7)
Therefore, the fiber orientation angles θ and β can be expressed as functions of the wrap-
ping angle of the straight fiber αs and the axial length z. In the experiment, the laminated
hyperboloid structure is controlled by the wrapping angle of the straight fiber αs, the fiber
orientation angle βm of the curved fiber in the middle of the structure, axial length H, and
the radius of the ends R. A MATLAB program (Appendix. B.3.4 ) is written to visualize
the hyperboloid surface and calculate the relationship among these parameters. Figure. 3.16
shows the hyperboloid surface and the fiber orientation angles of the straight and curved
fibers along the axial direction when αs = 20°, βm = 40°. The axial length of the hyper-
boloid structure H is 4.5 inch, and the radius of the ends R is 2 inch. When αs = 20°, the
fiber orientation angle of the straight fiber θs is always close to 9°. When βm = 40°, the
























































Figure 3.16: The visualized hyperboloid with H = 4.5 inch, R= 2 inch and the fiber
orientation angles as a function of axial direction z, αs = 20°, βm = 40°
It should be pointed out that for the MATLAB program, the wrap angle αs and the angle
βm, in addition to H and R, are the input parameters, which control the geometry of the
hyperboloid structure and the fiber orientations. The fiber orientation angle of the straight
fibers along the axis of the surface and the wrap angle of the curved fibers αc are the
outputs. These output data are required for building the finite element model as well as the
actual prototype structure.
3.3.2 Finite element analysis of laminated hyperboloid structures
Based on the results in the previous section, the finite element model of the hyperboloid
structure can be constructed. As it is shown in Figure. 3.17, the model of the hyperboloid
structure is divided into many slices along the axial direction (Appendix. B.5.2). For each
slice, a respective set of θ and β is assigned. It should be mentioned that, in order to
increase the accuracy of the FE results, the model is not made of a single laminate but
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rather of three different plies (layers).
Figure 3.17: The sliced model of the hyperboloid structure
The marked points of fiber orientation angles in Figure. 3.18 show the data chosen to be
imported from MATLAB to ANSYS. The number of the points is set to be equal to the
number of the slices in ANSYS.
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Figure 3.18: The data points of fiber orientation angles being imported to ANSYS, when
αs = 20°, βm = 40°, H = 4.5 inch and R= 2 inch
In this section, a hyperboloid structure with R= 2 inch, H = 4.5 inch is analyzed. Table. 3.6
shows the range of fiber orientation angles of the straight fibers along the axial direction as
a function of the wrapping angle αs.
Table 3.6: The range of θs along the axial direction as a function of wrapping angle αs for
a hyperboloid with R= 2 inch, L= 4.5 inch
αs (°) Range of θs (°) αs (°) Range of θs (°) αs (°) Range of θs (°)
0 0.00 5 2.218 - 2.22 10 4.41 - 4.43
15 6.56 - 6.62 20 8.64 - 8.77 25 10.63 - 10.89
30 12.52 - 12.96 35 14.28 - 14.96 40 15.90 - 16.91
45 17.36 - 19.79 50 18.65 - 20.59 55 19.77 - 22.31
60 20.70 - 23.96 65 21.44 - 25.53 70 21.99 - 27.01
75 22.36 - 28.42 80 22.53 - 29.74 85 22.52 - 30.98
90 22.34 - 32.14 95 21.99 - 33.33 100 21.47 - 34.24
105 20.81 - 35.18 110 20.01 - 36.04 115 19.08 - 36.84
120 18.04 - 37.56 125 16.89 - 38.22 130 15.64 - 38.81
135 14.06 - 39.39 140 12.67 - 39.87 145 11.21 - 40.29
150 9.71 - 40.65 155 8.16 - 40.95 160 6.57 - 41.20
165 4.95 - 41.39 170 3.31 - 41.53 175 1.66 - 41.61
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To estimate an optimal fiber layout, the wrapping angle of the straight fiber αs is changed
while βm remain as 40°. Figure. 3.19 shows the pumping potential of the 3-layer laminated
hyperboloid structure of R = 2 inch, H = 4.5 inch as a function of the wrapping angle αs.
The layer thickness is 0.05 inch.























Figure 3.19: The pumping potential of 3-layer laminated hyperboloid pump as a function
of the wrapping angle αs
When αs = 15, which means the fiber orientation angle of the straight fiber is around 6°,
the pumping potential reaches its maximum. This result also matches our prediction in
the simulation of the laminated tubes. Consequently, hyperboloid structures with αs = 15°,
βm= 40° and αs= 20°, βm= 40° are viewed as good choices for the experimental prototype
structures.
For a laminated structure, there is a coupling effect between the normal and shear responses.
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Therefore, it is expected that a laminated tube with negative effective Poisson’s ratio can
also have a higher reduction of inner radius upon torsion. The following equation shows





The value of ζTε is usually negative. Equation 3.8 indicates that a positive applied shear
produces a compressive axial strain. Consequently for a structure with negative effective
Poisson’s ratio, a reduction of the inner radius will be engendered. Figure. 3.20 shows
the contour plot of the radial displacement of a laminated hyperboloid structure of H =
4.5 inch, R= 2 inch, αs = 20° and βm = 40° under a torsional twist of 12°.
Figure 3.20: The radial deformation of a laminated hyperboloid structure under torsion
The 12° twist on the free end causes 1.35% axial deformation and a substantial reduction
of the inner radius. The estimated pumping potential of the hyperboloid structure under
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12° twist is 12.61, higher than that under the 1% compression. Therefore, torsion can be
an alternative or even a better choice of the external load for the hyperboloid pump.
3.3.3 Effects of geometric parameters on hyperboloid structures
In this section the effect of two geometric parameters on the pumping potential of the
paraboloid structure is investigated: the radius-to-height ratio RI/H and the aspect ratio
h/RI , where h is the thickness. To study the effect of RI/H, the length of the structure is
fixed at 4.5 inch, while the inner radius is kept as a variable. Figure. 3.21 shows the effect
of RI/H on the pumping potential, for αs = 20° and βm = 40° under 1% compressive axial
loading.




















Figure 3.21: The effect of RI/H on the pumping potential of the hyperboloid structure
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The figure shows that the lower RI/H is, the higher the pumping potential. In the experi-
ment of this work, the radius of the ends is fixed at 2 inch. Therefore, The highest feasible
length H is 4.5 inch because the fiber placement of βm = 40° does not exist if H > 4.5 inch.
Figure. 3.22 displays the effect of the aspect ratio h/RI , for R = 2 inch, H = 4.5 inch, on
the pumping potential. Clearly, the aspect ratio has a very slight effect on the pumping
potential.





















Figure 3.22: The effect of the aspect ratio h/RI on the pumping potential of the
hyperboloid structure
In the experiment, the thickness of each layer is around 0.05 inch, which means the aspect
ratio h/RI = 0.075.
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3.3.4 Nonlinear analysis of hyperboloid structures
The geometric nonlinear analysis is conducted in the case of the structure under torsion.
The torsional twist applied on the end is 12°. The fiber orientation and geometric parame-
ters are the same as the linear analysis in section. 3.3.2. Figure. 3.23 shows the nonlinear
solution of the radial deformation of the hyperboloid structure.
Figure 3.23: Nonlinear solution of the radial deformation of radial displacement of the
hyperboloid structure under the torsion 12° applied on the end
Figure. 3.24 shows the comparison between the radial displacement under linear analysis
and nonlinear analysis. The radial displacement of the nonlinear solution is slightly lower
than that of the linear solution.
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Figure 3.24: The comparison between the radial displacement of linear and nonlinear
solution





The primary objective of the experimental work is to design a working multi-layer hyper-
boloid pump which can successfully transfer fluid and have a larger pumping potential.
In section. 4.1, the design of the experimental devices that support the FMC structure is
presented. Section. 4.2 introduces the procedure of building the FMC hyperboloid pump.
The experimental setup is presented in section. 4.3. Section. 4.4 and 4.5 present the com-
pression and torsion tests, respectively. The experimental pumping potential results are
compared with the corresponding analytical ones.
4.1 Design of the supporting structures
The supporting structure is a device which facilitates manual fiber placement. Also, some
parts of the supporting structure constitute parts of the FMC hyperboloid pump (Fig-
ure. 4.1). This device consists of the following parts:
1 The front and back disks, which constitute the two ends of the hyperboloid pump.
2 Two threaded rods which control the distance during lay-up, and are removed upon
manufacturing.
3 Pins attached to both disks at equal circumferential distances and guide the fiber
placement process.
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4 Two cylindrical rods, to mount the supporting structure to the rotary machine during
manufacturing, and to the base during testing.
Both disks are made of polycarbonate. All the parts are manufactured using CNC router.
For more details on the design of the disks and the assembly see Figure. C.1, C.2 and C.3
in Appendix. C.
Figure 4.1: The finished product of the supporting structure
4.2 The manufacture procedure
The manufacture of the laminated hyperboloid structure is based on the fact that a hyper-
boloid can be generated by a straight line rotating about a skew axis. In this work, the
Hexcel M40JB 12K carbon fibers and the Smooth-on PMC® 121-31 urethane rubber (ma-
trix) are adopted for the FMC material of the structure.
Following are the main steps for the manufacturing of the FMC hyperboloid pump:
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1. The supporting structure is held horizontally. Guided by the pins, the fibers are
manually placed at the right wrapping angle (Figure. 4.2). During the lay up process
the fibers are witted with the PU resin using a brush, and the structure is rotated in
order to evenly distribute the PU resin, otherwise the surface of the material will be
full of bumps due to the gravity.
Figure 4.2: An illustration of the fiber placement and polyurethane painting
2. As shown in Figure. 4.3, to get a strong adhesion between two layers, the second
layer is laid up on the first layer before it is fully cured1 but after it is solidified. This
helps to prevent the delamination under loading. It should be mentioned that the
urethane rubber is made by the mixture of prepolymer (Part-A) and curative (part-B)
at a 1 : 1 ratio of volume, and takes roughly 30 minutes to solidify and about 16 hours
to be fully cure.
1Curing is a chemical process of hardening a polymer material
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Figure 4.3: The laminated structure under manufacturing
3. The process is repeated for the third. Once all layers are placed, the structure is
continued to be rotated for about 1.5 hours to neutralize the effect of the gravity on
the semiliquid-state urethane rubber., and then left to fully cure. Figure. 4.4 shows a
completed laminated hyperboloid structure.
Figure 4.4: A completed laminated hyperboloid structure
56
4.3 The setup of the experiment
In the experiment, the pump is used to transfer the fluid from one container to another. A
camera is set to capture the deformation of the laminated hyperboloid structure. The vol-
ume of the fluid transferred is measured and the pumping potential is calculated. Figure. 4.5
shows a schematic of the setup of the experiment.
Figure 4.5: The setup of the experiment
To ensure that the fluid goes in one direction, two check valves are connected to a T-
connector. As it is shown in Figure. 4.6, Under the external load, the fluid pressure forces
the right check valve to be closed, while the left valve is open to pump the fluid to the
destination (container B). When the structure is unloaded, the left valve is closed while
the right one is open to draw the fluid from the source (container A). By so, the fluid is
transfered from container A to container B.
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(a) Loading (b) Unloading
Figure 4.6: The control of flow by two check valves
In the experiment, the axial displacement of the main body of the pump structure can not
be directly captured by the camera. Therefore, based on the schematic shown Figure. 4.7,










Figure 4.7: The illustration of the imaging procedure
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where |BC| is the length of the main flexible body2, |AD| is the length of the whole support-
ing structure, |A′D′| is the length of the supporting structure on the digital picture. Since
the height of the disks |AB|, |CD| is constant, ∆|AD| = ∆|BC|. The virtual canvas is the
digital picture captured by the camera.
Figure. 4.8 shows the actual experiment setup. The fluid is pumped from the 1000 ml
beaker (container A) to the 250 ml measuring cylinder (container B). The pump is mounted
to the steel base using two threaded rods and the base is fixed to the ground using two heavy
clamps.
Figure 4.8: The setup of the experiment
2The main flexible body is the part of the pump which actually functions
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4.4 Compression tests of the hyperboloid structures
The hyperboloid pump is first tested under compression using the Tinius Olsen hydraulic
universal testing machine. The geometric parameters and fiber placement of the tested
structure are shown in Table. 4.1.






Wrapping angle of the straight fibers 20°
Wrapping angle of the curved fibers 141.36°
As shown in Figure. 4.9, a thrust bearing is placed between the upper end of the hyperboloid
structure and the loading head of the testing machine. The bearing is assumed to allow the
structure to rotate upon compressive loading and thus delay the buckling.
Figure 4.9: The thrust bearing placed onto the structure
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However, under the compressive loading, the bearing did not function well; the hyperboloid
structure did not rotate. immediately after an early reduction in the radius, the structure
experienced buckilng in the vicinity of the ends. The buckling phenomenon is shown in
Figure. 4.10.
Figure 4.10: The buckling under compression
The reason for the buckling rather than rotation may be that the resistance to rotation due to
the shear modulus of the structure and the friction within the thrust bearing is higher than
the resistance to buckling. Therefore, the structure ”prefers” to buckle. This explains the
reason why the thrust bearing is not able to rotate at all.
Since pumping failed under compression, torsion test is used instead. The torsion test is
explained in the next Section.
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4.5 Torsion tests of the hyperboloid structures
In the tests, the torsion is applied manually to the structures using a 16 inch long bar at-
tached on the top of the structure. Figure. 4.11 shows the deformation of the structure upon
12° twist. It can be noticed that there is a substantial reduction of the diameter and an
insignificant axial compression.
(a) Before applying torsion (b) After apply 12° torsion
Figure 4.11: The deformation of the hyperboloid structure upon torsion
Two different hyperboloid structures (named as prototype A and prototype B) have been
manufactured and tested. Table. 4.2 lists the experiment results of the two prototypes.
For all the tests reported, the structures are subjected to a 12° twist. For higher twist, the
structure experienced buckling (wrinkles). The capacity of prototype A is 845 ml, while
that of prototype B is 884 ml.
62
Table 4.2: The test results of the hyperboloid structures under 12° torsion
Prototype A
No. Relative Axial Displacement Transfered Volume (ml) Pumping Potential
1 0.01094 90 9.7333
2 0.01097 94 10.1449
3 0.009955 90 10.6992
4 0.01006 88 10.3533
5 0.009914 88 10.5047
6 0.01091 90 9.7668
7 0.009962 88 10.4543
8 0.009914 92 10.9822
9 0.009914 90 10.7435
10 0.009921 92 10.9747
Average: 10.4357
Prototype B
No. Relative Axial Displacement Transfered Volume (ml) Pumping Potential
1 0.01420 110 8.7605
2 0.01420 108 8.6012
3 0.01422 111 8.8267
4 0.01420 108 8.6012
5 0.01424 108 8.5817
6 0.01413 110 8.8069
7 0.01488 112 8.5140
8 0.01413 114 8.7196
9 0.01379 109 9.0208
10 0.01380 112 9.01466
Average: 8.7447
Based on the above results, the multi-layer hyperboloid structure with negative effective
Poisson’s ratio has a much higher pumping potential compared to other structures such
as the single-layer hyperboloid and the LV-like structures. The multi-layer hyperboloid
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structure achieves a pumping potential almost as high as that of the barrel-shape pump, and
it requires a much smaller input load (torsion).
4.5.1 Analysis of the results
This section explains the differences between the results of prototype A and B, as well as
between the experimental and analytical results.
A source of error (difference) is the different volumetric capacities of the pump. Prototype
A has a volume of 845 ml and prototype B has a volume of 884 ml, which is lower than the
theoretical capacity, 908.05 ml. The main reason for these differences is that polyurethane
accumulates near both the ends inside the pump during the manufacturing. Prototype A has
a much lower capacity because the urethane rubber is added to the ends of the structure on
purpose, in order to prevent the disks from breaking off the main FMC body, as shown in
Figure. 4.12.
(a) The inside of
prototype A
(b) The inside of
prototype B
Figure 4.12: The difference between the inside of the two prototypes
Another source of error is the inconsistency in the applied torque due to the manual loading.
In addition, because of the small axial displacement experienced, the accuracy of the axial
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deflection measurements is not high enough. Furthermore, jamming of the check valves
caused by some polyurethane debris formed during manufacturing, reduced the efficiency
of pumping. This problem has been alleviated by performing a thorough cleaning up of the
pump after manufacturing.
As for the difference between the analytical and experimental results, the pumping potential
in the nonlinear analysis is 12.35, however in the tests, the pumping potential is only around
9 - 10. This may be caused by the following reasons:
• The estimated material properties in the simulation. The actual material properties
could be different;
• Manual loading as mentioned previously;
• In the simulation, the effect of the fluid is not taken into account. In the tests, the
pressure of fluid may also contributes to the deformation of the carbon/polyurethane
laminate. A test has been conducted to compare the radial displacement between the
cases where the structure is full of water and when empty. Figure. 4.13 shows the
outlines of the radial deformation for both cases. It can be noticed that the radial
displacement of the empty pump is higher than that of the same pump full of water.
• In the simulation, the material is idealized to a homogeneous material. However, in
the experiment, it is almost a heterogeneous material.
Figure 4.13: The outline of deformation between an empty pump (red line) and the same




Based on the analytical and experimental results, the following conclusion can be drawn:
• For a specific design, which engenders a negative effective Poisson’s ratio, the hy-
perboloid FMC structure (pump) can generate a very high pumping potential. The
negative Poisson’s ratio turns out to be an important factor in achieving this high
pumping potential.
• Two modes of loading can be applied to the suggested hyperboloid FMC structure:
(1) Axial compression, which causes buckling and fails to generate sufficient pump-
ing action. (2) Torsional loading, which produces the high pumping potential under
a relatively moderate magnitude.
The recommended future work includes:
• Test and determine the material properties of the Carbon/PU FMC composite.
• Perform buckling analysis and take material nonlinearity into consideration;
• Conduct a fluid-structure interaction analysis.
• Design a more accurate experimental setup for better measurements of the angle of
twists and the applied torque.
• Investigate different types of FMC materials.
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θ ,α Fiber orientation angles of a laminated tube
H Axial length of the hyperboloid structure
RI The inner radius at the ends of the hyperboloid structure
h Thickness of the laminate
αs For hyperboloid structure, the wrapping angle of the straight fiber
αc For hyperboloid structure, the wrapping angle of the curved fiber
θs For hyperboloid structure, the fiber orientation angle of the straight fiber
β For hyperboloid structure, the fiber orientation angle of the curved fiber




Mathematical Derivation of the features
of the hyperboloid
A.1 The expression of the hyperboloid surface
The objective of the derivation is to get the expression of a hyperboloid using the wrapping
angle of the straight fiber αs, axial length H and the end radius R. Refer to Figure. 3.14:
First in the cylindrical coordinate system, ∀P on AB, P(rp,θp,zp); corresponding P′ on
AB′, P(r′p,θ ′p,z′p).






⇒ BB′ = 2Rsin αs
2






∴ PP′ = zp tanϕ = zp arctan
2Rsin αs2
H
In M O′PP′, ∠O′PP′ = pi−αs
2
, ∠PO′P′ = θ ′p−θp, O′P= R















, cos(θ ′p−θp) =




Hence, the coordinate of an arbitrary point P′(r′p,θ ′p,zp) on the hyperboloid surface is
known. The expression of the hyperboloid surface in the cylindrical coordinate system:









Transfer it to the Cartesian coordinate system:







A.2 Fiber orientation angle of the curved fiber as a func-
tion of axial length z





H −R2, the normal vector on any arbitrary















Therefore, the tangential plane of hyperboloid surface on P(x0,y0,z0) is:






)(z− z0) = 0 (A.4)
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The normal vector of the plane: y= y0x0 is































At the middle of the hyperboloid, where z0 = H2 , the tangential plane becomes:










We have already known that the pull-in and pull-out fibers are the intersecting lines of the
hyperboloid geometry and the inserted planes. At the middle of the hyperboloid structure,
the local fiber direction
−→
S1 is actually the projection of
−→
































⇒ z1 = Rcos αs2 cotβm
(A.7)
∴−→S1 = y0−→i − x0−→j +Rcos αs2 cotβm
−→
k (A.8)
Therefore, the normal vector of inserted plane is:








i − x0Rcos αs2 cotβm
−→















































, a3 =R2, c1 = y0Rcos
αs
2
cotβm, c2 =−x0Rcos αs2 cotβm,










c1x+ c2y+ c3z= c4



















Let x= t, G1 = 1+
a1c12
c32
, G2 =−(2a1c1c4c32 +
a2c1
c3
), G3 = a3− a1c32 c4
2− a2c4
c3





















Combining equation. A.13 and A.5, the fiber orientation angle of the curved fiber β can be




B.1 MATLAB codes for composite laminates
B.1.1 Main function
1 c l e a r a l l
2 c l c
3
4 N=4;
5 E=[20 e6 50 e3 50 e3 ;
6 20 e6 50 e3 50 e3 ;
7 20 e6 50 e3 50 e3 ;
8 20 e6 50 e3 50 e3 ] ;
9
10 v12 = 0 . 3 2 ;
11 v13 = 0 . 3 2 ;
12 v23 = 0 . 5 8 ;
13 v21 =(E ( 1 , 2 ) / E ( 1 , 1 ) ) *v12 ;
14 v31 =(E ( 1 , 3 ) / E ( 1 , 1 ) ) *v13 ;
15 v32 =(E ( 1 , 3 ) / E ( 1 , 2 ) ) *v23 ;
16 v =[ v12 v21 v13 v31 v23 v32 ;
17 v12 v21 v13 v31 v23 v32 ;
18 v12 v21 v13 v31 v23 v32 ;
19 v12 v21 v13 v31 v23 v32 ] ;
20
21 G=[12 e3 12 e3 20 e3 ; % G12 G13 G23
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22 12 e3 12 e3 20 e3 ;
23 12 e3 12 e3 20 e3 ;
24 12 e3 12 e3 20 e3 ] ;
25 % t h e t a =[ p i / 3 ;
26 % p i / 6 ;
27 % p i / 6 ;
28 % p i / 3 ] ;
29 z =[−0.1 ;
30 −0.05;
31 0 ;
32 0 . 0 5 ;
33 0 . 1 ] ;
34
35 AngleRange =0: p i / 3 6 0 : p i / 2 ;
36 l e n g t h = l e n g t h ( AngleRange ) ;
37
38 [ t h e t a ( 1 , : , : ) , t h e t a ( 2 , : , : ) ]= meshgr id ( AngleRange ) ;
39 t h e t a ( 3 , : , : ) = t h e t a ( 2 , : , : ) ;
40 t h e t a ( 4 , : , : ) = t h e t a ( 1 , : , : ) ;
41
42 f o r i =1 : l e n g t h
43 f o r j =1 : l e n g t h
44 t h e t a a ( i , j ) = t h e t a ( 1 , i , j ) ;




49 f o r i =1 : l e n g t h
50 f o r j =1 : l e n g t h
51 [A, B , D, a s t a r , p r o p e r t y ]= MatrixABD ( E , v , G, t h e t a ( : , i , j )
, z ,N) ;
52 Ex ( i , j ) = p r o p e r t y ( 1 ) ;
53 vxy ( i , j ) = p r o p e r t y ( 4 ) ;




58 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
59 f i g u r e ( ’ P o s i t i o n ’ , [ s c r s z ( 3 ) / 8 1 1 . 1 * s c r s z ( 4 ) s c r s z ( 4 ) ] ) ;
60
61 x=180* t h e t a a / p i ;
62 y=180* t h e t a b / p i ;
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63 f i g u r e ( 1 )
64 mesh ( x , y , vxy ) ;
65 s u r f ( x , y , vxy , ’ EdgeColor ’ , ’ none ’ ) ;
66 xl im ( [ 0 , 9 0 ] ) ;
67 yl im ( [ 0 , 9 0 ] ) ;
68 s h a d i n g i n t e r p
69 c o l o r b a r ;
70 view ( [ 0 , 0 , 1 ] ) ;
71 x l a b e l ( ’\ t h e t a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
72 y l a b e l ( ’\ a l p h a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
73 t i t l e ( ’ A x i a l P o i s s o n ’ ’ s r a t i o Map of a l a m i n a t e d p l a t e ’ , ’
F o n t S i z e ’ , 1 8 ) ;
74
75 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
76 f i g u r e ( ’ P o s i t i o n ’ , [ s c r s z ( 3 ) / 8 1 1 . 1 * s c r s z ( 4 ) s c r s z ( 4 ) ] ) ;
77
78 f i g u r e ( 2 )
79 mesh ( x , y , vxz ) ;
80 s u r f ( x , y , vxz , ’ EdgeColor ’ , ’ none ’ ) ;
81 xl im ( [ 0 , 9 0 ] ) ;
82 yl im ( [ 0 , 9 0 ] ) ;
83 s h a d i n g i n t e r p
84 c o l o r b a r ;
85 view ( [ 0 , 0 , 1 ] ) ;
86 x l a b e l ( ’\ t h e t a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
87 y l a b e l ( ’\ a l p h a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
88 t i t l e ( ’ Through−the−t h i c k n e s s P o i s s o n ’ ’ s r a t i o Map of a
l a m i n a t e d p l a t e ’ , ’ F o n t S i z e ’ , 1 8 ) ;
89
90 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
91 f i g u r e ( ’ P o s i t i o n ’ , [ s c r s z ( 3 ) / 8 1 1 . 1 * s c r s z ( 4 ) s c r s z ( 4 ) ] ) ;
92
93 f i g u r e ( 3 )
94 mesh ( x , y , Ex ) ;
95 s u r f ( x , y , Ex , ’ EdgeColor ’ , ’ none ’ ) ;
96 xl im ( [ 0 , 9 0 ] ) ;
97 yl im ( [ 0 , 9 0 ] ) ;
98 s h a d i n g i n t e r p
99 c o l o r b a r ;
100 view ( [ 0 , 0 , 1 ] ) ;
101 x l a b e l ( ’\ t h e t a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
102 y l a b e l ( ’\ a l p h a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
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103 t i t l e ( ’ A x i a l Modulus Map of a l a m i n a t e d p l a t e ’ , ’ F o n t S i z e ’
, 1 8 ) ;
104
105 t h e t a a = t h e t a a *180 / p i ;
106
107 % Get t h e most n e g a t i v e Po i s son ’ s r a t i o
108 [ Minvalue , MinLoc ] = min ( vxy ( : ) ) ;
109 Minvalue
110 [ MinRow , MinCol ] = i n d 2 s u b ( s i z e ( vxy ) , MinLoc ) ;
111 MinTheta = x ( 1 , MinCol )
112 MinAlpha = y ( MinRow , 1 )
B.1.2 The function calculating the matrices [Q],[T ]
1 f u n c t i o n [ T1 , T2 , Q, Qbar , Sbar ]= MatrixQT ( E , v , G, t h e t a )
2 % I n p u t :
3 % t h e t a : o f f−a x i s a n g l e o f t h e k t h l a y e r , u n i t : r a d
4 % E : V ec to r o f Young ’ s Modulus o f t h e k t h l a y e r , E=(E1 , E2 )
5 % v : V ec to r o f Po i s son ’ s R a t i o o f t h e k t h l a y e r , v =( v12 ,
v21 )
6 % G: Shea r Modulus o f t h e k t h l a y e r , G=G12
7 % Outpu t :
8 % T1 , T2 : T r a n s f o r m a t i o n m a t r i x ( t o g l o b a l c o o r d i n a t e )
9 % Q: P l a n e s t r e s s Reduced S t i f f n e s s M a t r i x
10 % Qbar : P l a n e S t r e s s Trans fo rmed Reduced S t i f f n e s s M a t r i x
11
12 Q11=E ( 1 ) /(1−v ( 1 ) *v ( 2 ) ) ;
13 Q12=v ( 1 ) *E ( 2 ) /(1−v ( 1 ) *v ( 2 ) ) ;
14 Q22=E ( 2 ) /(1−v ( 1 ) *v ( 2 ) ) ;
15 Q66=G( 1 ) ;
16
17 Q=[Q11 Q12 0 ;
18 Q12 Q22 0 ;
19 0 0 Q66 ] ;
20
21 m= cos ( t h e t a ) ;
22 n= s i n ( t h e t a ) ;
23
24 T1 =[mˆ2 n ˆ2 2*m*n ;
25 n ˆ2 mˆ2 −2*m*n ;
26 −m*n m*n mˆ2−n ˆ 2 ] ;
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27 T2 =[mˆ2 n ˆ2 m*n ;
28 n ˆ2 mˆ2 −m*n ;
29 −2*m*n 2*m*n mˆ2−n ˆ 2 ] ;
30
31 Qbar= i n v ( T1 ) *Q*T2 ;
32
33 S= z e r o s ( 6 , 6 ) ;
34 S ( 1 , 1 ) = 1 / E ( 1 ) ; S ( 1 , 2 ) = −v ( 2 ) / E ( 2 ) ; S ( 1 , 3 ) = −v ( 4 ) / E ( 3 ) ;
35 S ( 2 , 1 ) = −v ( 1 ) / E ( 1 ) ; S ( 2 , 2 ) = 1 / E ( 2 ) ; S ( 2 , 3 ) = −v ( 6 ) / E ( 3 ) ;
36 S ( 3 , 1 ) = −v ( 3 ) / E ( 1 ) ; S ( 3 , 2 ) = −v ( 5 ) / E ( 2 ) ; S ( 3 , 3 ) = 1 / E ( 3 ) ;
37 S ( 4 , 4 ) = 1 /G( 3 ) ; S ( 5 , 5 ) = 1 /G( 2 ) ; S ( 6 , 6 ) = 1 /G( 1 ) ;
38
39 T1 =[mˆ2 n ˆ2 0 0 0 2*m*n ;
40 n ˆ2 mˆ2 0 0 0 −2*m*n ;
41 0 0 1 0 0 0 ;
42 0 0 0 m −n 0 ;
43 0 0 0 n m 0 ;
44 −m*n m*n 0 0 0 mˆ2−n ˆ 2 ] ;
45 T2 =[mˆ2 n ˆ2 0 0 0 m*n ;
46 n ˆ2 mˆ2 0 0 0 −m*n ;
47 0 0 1 0 0 0 ;
48 0 0 0 m −n 0 ;
49 0 0 0 n m 0 ;
50 −2*m*n 2*m*n 0 0 0 mˆ2−n ˆ 2 ] ;
51 Sbar = i n v ( T2 ) *S*T1 ;
B.1.3 The function caculating the matrices [A],[B] and [D]
1 f u n c t i o n [A, B , D, a s t a r , p r o p e r t y ]= MatrixABD ( E , v , G, t h e t a , z ,N)
2 % t h e f o r m a t o f i n p u t f o l l o w s t h e d e s c r i p t i o n i n
P r o p e r t y M a i n .m
3 % Outpu t : Lamina te p r o p e r t y v e c t o r : p r o p e r t y =[Ex , Ey , Gxy , vxy ,
vyx , n xyx , n xyy , n xxy , n yxy ]
4 A = z e r o s ( 3 , 3 ) ;
5 B = z e r o s ( 3 , 3 ) ;
6 D = z e r o s ( 3 , 3 ) ;
7 F = z e r o s (N, 3 ) ; % F ( 3 ) h e r e a c t u a l l y means F 6
8 Sbar = z e r o s ( 6 , 6 ,N) ;
9 Qbar = z e r o s ( 3 , 3 ,N) ;
10
11 f o r k =1:N
80
12 [ T1 k , T2 k , Q k , Qbark , Sbark ] = MatrixQT ( E ( k , : ) , v ( k , : ) ,G( k
, : ) , t h e t a ( k ) ) ; % Ma t r i x e l e m e n t s f o r each l a y e r
13 A = A + Qbark * ( z ( k +1)−z ( k ) ) ;
14 B = B + 0 . 5 * Qbark * ( z ( k +1) ˆ2−z ( k ) ˆ 2 ) ;
15 D = D + ( 1 / 3 ) * Qbark * ( z ( k +1) ˆ3−z ( k ) ˆ 3 ) ;
16 Sbar ( : , : , k ) = Sbark ;
17 Qbar ( : , : , k ) =Qbark ;
18 end
19
20 H=z (N+1)−z ( 1 ) ; % t o t a l t h i c k n e s s
21 a s t a r =H* i n v (A) ;
22
23 % C a l c u l a t e t h e t h r o u g h t t h e t h i c k n e s s p r o p e r t i e s
24 % C a l c u l a t e F i ( i = 1 , 2 , 6 )
25 F= z e r o s ( 3 ) ;
26 f o r k =1:N
27 F ( 1 ) =F ( 1 ) +( Sbar ( 1 , 3 , k ) * Qbar ( 1 , 1 , k ) + Sbar ( 2 , 3 , k ) * Qbar ( 2 , 1 ,
k ) + Sbar ( 3 , 6 , k ) * Qbar ( 3 , 1 , k ) ) *H/N;
28 F ( 2 ) =F ( 2 ) +( Sbar ( 1 , 3 , k ) * Qbar ( 1 , 2 , k ) + Sbar ( 2 , 3 , k ) * Qbar ( 2 , 2 ,
k ) + Sbar ( 3 , 6 , k ) * Qbar ( 3 , 2 , k ) ) *H/N;
29 F ( 3 ) =F ( 3 ) +( Sbar ( 1 , 3 , k ) * Qbar ( 1 , 3 , k ) + Sbar ( 2 , 3 , k ) * Qbar ( 2 , 3 ,
k ) + Sbar ( 3 , 6 , k ) * Qbar ( 3 , 3 , k ) ) *H/N;
30 end
31
32 Ainv= i n v (A) ;
33 vxz = −(F ( 1 ) * Ainv ( 1 , 1 ) +F ( 2 ) * Ainv ( 1 , 2 ) +F ( 3 ) * Ainv ( 1 , 3 ) ) / ( H*
Ainv ( 1 , 1 ) ) ;
34
35 p r o p e r t y ( 1 ) = 1 / a s t a r ( 1 , 1 ) ;
36 p r o p e r t y ( 2 ) = 1 / a s t a r ( 2 , 2 ) ;
37 p r o p e r t y ( 3 ) = 1 / a s t a r ( 3 , 3 ) ;
38 p r o p e r t y ( 4 ) = − a s t a r ( 1 , 2 ) / a s t a r ( 1 , 1 ) ;
39 % p r o p e r t y ( 4 ) =(A( 1 , 2 ) *A( 3 , 3 )−A( 1 , 3 ) *A( 2 , 3 ) ) / ( A( 2 , 2 ) *A( 3 , 3 )−A
( 2 , 3 ) ˆ 2 ) ;
40 p r o p e r t y ( 5 ) = − a s t a r ( 1 , 2 ) / a s t a r ( 2 , 2 ) ;
41 p r o p e r t y ( 6 ) = a s t a r ( 1 , 3 ) / a s t a r ( 1 , 1 ) ;
42 p r o p e r t y ( 7 ) = a s t a r ( 2 , 3 ) / a s t a r ( 2 , 2 ) ;
43 p r o p e r t y ( 8 ) = a s t a r ( 1 , 3 ) / a s t a r ( 3 , 3 ) ;
44 p r o p e r t y ( 9 ) = a s t a r ( 2 , 3 ) / a s t a r ( 3 , 3 ) ;
45 p r o p e r t y ( 1 0 ) = vxz ;
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B.2 MATLAB codes for laminated tubes
B.2.1 Main function
1 c l e a r a l l
2 c l c
3
4 N=4;
5 E=[20 e6 50 e3 50 e3 ;
6 20 e6 50 e3 50 e3 ;
7 20 e6 50 e3 50 e3 ;
8 20 e6 50 e3 50 e3 ] ;
9 v12 = 0 . 3 2 ;
10 v13 = 0 . 3 2 ;
11 v23 = 0 . 5 8 ;
12 v21=E ( 1 , 2 ) *v12 / E ( 1 , 1 ) ;
13 v31=E ( 1 , 3 ) *v13 / E ( 1 , 1 ) ;
14 v32=E ( 1 , 3 ) *v23 / E ( 1 , 2 ) ;
15 f o r i =1 :N
16 v ( : , : , i ) =[ v12 v21 ;
17 v13 v31 ;
18 v23 v32 ] ;
19 end
20 G=[12 e3 12 e3 20 e3 ;
21 12 e3 12 e3 20 e3 ;
22 12 e3 12 e3 20 e3 ;
23 12 e3 12 e3 20 e3 ] ;
24
25 r = [ 2 ;
26 2 . 0 5 ;
27 2 . 1 ;
28 2 . 1 5 ;











39 AngleRange =0: p i / 9 0 : p i / 2 ;
40 l e n g t h = l e n g t h ( AngleRange ) ;
41 % t h e t a ( 1 , : ) =AngleRange ;
42 % t h e t a ( 2 , : ) =− t h e t a ( 1 , : ) ;
43 [ t h e t a ( 1 , : , : ) , t h e t a ( 2 , : , : ) ]= meshgr id ( AngleRange ) ;
44 t h e t a ( 3 , : , : ) = t h e t a ( 2 , : , : ) ;
45 t h e t a ( 4 , : , : ) = t h e t a ( 1 , : , : ) ;
46
47 f o r i =1 : l e n g t h
48 f o r j =1 : l e n g t h
49 t h e t a a ( i , j ) = t h e t a ( 1 , i , j ) ;




54 f o r i =1 : l e n g t h
55 f o r j =1 : l e n g t h
56 % [ S , vx th ]= T u b e C a l c u l a t i o n 2 ( E , v , G, a lpha , t h e t a ( : , i , j )
, r , Px , Tx , Pin , Pout , dT ,N) ;
57 [ S , vx th ]= T u b e C a l c u l a t i o n ( E , v , G, a lpha , t h e t a ( : , i , j ) , r ,
Px , Tx , Pin , Pout , dT ,N) ;
58 ve ( i , j ) = d oub l e ( vx th ) ;




63 x=180* t h e t a a / p i ;
64 y=180* t h e t a b / p i ;
65
66 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
67 f i g u r e ( ’ P o s i t i o n ’ , [ s c r s z ( 3 ) / 8 1 1 . 1 * s c r s z ( 4 ) s c r s z ( 4 ) ] ) ;
68
69 f i g u r e ( 1 )
70 mesh ( x , y , ve ) ;
71 h= s u r f c ( x , y , ve , ’ EdgeColor ’ , ’ none ’ ) ;
72 s h a d i n g i n t e r p
73 c o l o r b a r ;
74 xl im ( [ 0 , 9 0 ] ) ;
75 yl im ( [ 0 , 9 0 ] ) ;
76 view ( [ 0 , 0 , 1 ] ) ;
83
77 x l a b e l ( ’\ t h e t a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
78 y l a b e l ( ’\ a l p h a ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
79
80 xn = [ ] ; yn = [ ] ; ven = [ ] ;
81 f o r k =1: l e n g t h ( AngleRange )
82 xn =[ xn ; x ( : , k ) ] ;
83 yn =[ yn ; y ( : , k ) ] ;
84 ven =[ ven ; ve ( : , k ) ] ;
85 end
86 s ave ( ’ t e s t . mat ’ , ’ xn ’ , ’ yn ’ , ’ ven ’ ) ;
B.2.2 The function implementing the theory of laminated tubes
1 f u n c t i o n [ S , vxth , As , b ]= T u b e C a l c u l a t i o n ( E , v , G, a lpha , t h e t a , r ,
Px , Tx , Pin , Pout , dT ,N)
2 % P a r a m e t e r s E x p l a i n a t i o n
3 %
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
4 % E=[ E1 1 E1 2 E1 3
5 % E2 1 E2 2 E2 3 ;
6 % E3 1 E3 2 E3 3 ;
7 % . . . . . . . . . ] ; C o n s i d e r d i f f e r e n t p r o p e r t i e s o f
d i f f e r e n t l a y e r s
8
9 % v =[ v12 v21 ;
10 % v13 v31 ;
11 % v23 v32 ] ; 3 X 2 X N
12 % G=[ G1 12 G1 13 G1 23 ;
13 % G2 12 G2 13 G2 23 ;
14 % G3 12 G3 13 G3 23 ;
15 % . . . . . . . . . ] ;
16 % t h e t a =[ t h e t a 1 ;
17 % t h e t a 2 ;
18 % t h e t a 3 ;
19 % t h e t a 4 ] ;
20 % r =[ r1 ;
21 % r2 ;
22 % r3 ;
23 % r4 ] ; t h e r a d i u s o f each i n t e r f a c e
24 % S t r e s s =[ s igmar1 s igmar2 sigma3 sigma4 ;
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25 % s i g m a t h 1 s i g m a t h 2 s i g m a t h 3 s ig m a t h 4 ;
26 % sigmax1 sigmax2 sigmax3 sigmax4 ;
27 % t o t h 1 t o t h 2 t o t h 3 t o t h 4 ] ;
28 % S t r a i n i s s i m i l a r




32 % In t h i s program , assume t h e r e a r e 2 l a y e r s
33 % D ef in e t h e unknowns
34 %
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
35 % A=sym ( ’A’ , [ 1 2 ] ) ;
36 w=sym ( ’w’ , [N+1 1 ] ) ; % D i s p l a c e m e n t s o f t h e i n t e r f a c e s
37 syms ex0 Y0




41 % C a l c u l a t e a l l t h e n e c e s s a r y p a r a m e t e r s
42 %
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
43 f o r k =1:N
44 X ( : , k ) =[w( k +1) ;w( k ) ; ex0 ; Y0 ] ;
45 end
46
47 % Get t h e S t i f f n e s s
48 f o r k =1:N
49 Cbar ( : , : , k ) = T u b e S i n g l e L a y e r ( E ( k , : ) , v ( : , : , k ) ,G( k , : ) , t h e t a
( k ) ) ;
50 end
51
52 % C a l c u l a t e c o e f f i c e n t s gamma , omega , p s i o f each l a y e r
53 f o r k =1:N
54 % When t h e l a y e r i s i s o t r o p i c o r t r a n s v e r s e l y i s o t r o p i c
55 i f Cbar ( 2 , 2 , k ) ==Cbar ( 3 , 3 , k )
56 gamma ( k ) =0;
57 omega ( k ) =0;
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58 p s i ( k ) =0;
59 e l s e
60 gamma ( k ) =( Cbar ( 1 , 2 , k )−Cbar ( 1 , 3 , k ) ) / ( Cbar ( 3 , 3 , k )−Cbar
( 2 , 2 , k ) ) ;
61 omega ( k ) =( Cbar ( 2 , 4 , k )−2*Cbar ( 3 , 4 , k ) ) / ( 4 * Cbar ( 3 , 3 , k )−
Cbar ( 2 , 2 , k ) ) ;
62 sumbar =0;
63 f o r i =1:4
64 sumbar = sumbar +( Cbar ( i , 3 , k )−Cbar ( i , 2 , k ) ) * a l p h a (
k , i ) ;
65 end





71 % g e t t h e v a l u e o f lambda
72 f o r k =1:N
73 lambda ( k ) = s q r t ( Cbar ( 2 , 2 , k ) / Cbar ( 3 , 3 , k ) ) ;
74 end
75
76 % Get A1 , A2
77 f o r k =1:N
78 A( 1 , k ) =vpa ( (w( k ) / r ( k +1) ˆ lambda ( k ) − w( k +1) / r ( k ) ˆ lambda ( k
) − ( ex0 *gamma ( k ) * r ( k ) ) / r ( k +1) ˆ lambda ( k ) . . .
79 +( ex0 *gamma ( k ) * r ( k +1) ) / r ( k ) ˆ lambda ( k ) − ( dT* p s i ( k ) * r
( k ) ) / r ( k +1) ˆ lambda ( k ) . . .
80 + ( dT* p s i ( k ) * r ( k +1) ) / r ( k ) ˆ lambda ( k ) + ( Y0*omega ( k ) * r
( k +1) ˆ 2 ) / r ( k ) ˆ lambda ( k ) . . .
81 − ( Y0*omega ( k ) * r ( k ) ˆ 2 ) / r ( k +1) ˆ lambda ( k ) ) / ( r ( k ) ˆ
lambda ( k ) / r ( k +1) ˆ lambda ( k ) − r ( k +1) ˆ lambda ( k ) / r ( k
) ˆ lambda ( k ) ) ) ;
82 A( 2 , k ) =vpa (−( r ( k +1) ˆ lambda ( k ) *w( k ) − r ( k ) ˆ lambda ( k ) *w( k
+1) + Y0*omega ( k ) * r ( k ) ˆ lambda ( k ) * r ( k +1) ˆ2 . . .
83 − Y0*omega ( k ) * r ( k ) ˆ2* r ( k +1) ˆ lambda ( k ) − ex0 *gamma ( k )
* r ( k ) * r ( k +1) ˆ lambda ( k ) . . .
84 + ex0 *gamma ( k ) * r ( k ) ˆ lambda ( k ) * r ( k +1) − dT* p s i ( k ) * r ( k
) * r ( k +1) ˆ lambda ( k ) . . .
85 + dT* p s i ( k ) * r ( k +1) ˆ lambda ( k ) * r ( k +1) ) / ( r ( k ) ˆ lambda ( k )
/ r ( k +1) ˆ lambda ( k ) − r ( k +1) ˆ lambda ( k ) / r ( k ) ˆ lambda (






89 % Get t h e e x p r e s s i o n o f s t r a i n and s t r e s s
90 %
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
91 % S t r e s s a l o n g x d i r e c t i o n
92 syms rk
93 f o r k =1:N
94 % t h e s t r e s s e x p r e s s i o n o f t h e k t h l a y e r
95 s t r e s s x ( k ) =vpa ( ( Cbar ( 1 , 1 , k ) +( Cbar ( 1 , 3 , k ) +Cbar ( 1 , 2 , k ) ) *
gamma ( k ) ) * ex0 . . .
96 + ( ( Cbar ( 1 , 2 , k ) +2* Cbar ( 1 , 3 , k ) ) *omega ( k ) +Cbar ( 1 , 4 , k ) ) *
Y0* rk . . .
97 + ( ( Cbar ( 1 , 2 , k ) +Cbar ( 1 , 3 , k ) ) * p s i ( k )−Cbar ( 1 , 1 , k ) * a l p h a
( k , 1 )−Cbar ( 2 , 1 , k ) * a l p h a ( k , 2 )−Cbar ( 3 , 1 , k ) * a l p h a ( k
, 3 )−Cbar ( 4 , 1 , k ) * a l p h a ( k , 4 ) ) *dT . . .
98 +( Cbar ( 1 , 2 , k ) +lambda ( k ) * Cbar ( 1 , 3 , k ) ) *A( 1 , k ) * rk ˆ (
lambda ( k )−1) . . .
99 +( Cbar ( 1 , 2 , k )−lambda ( k ) * Cbar ( 1 , 3 , k ) ) *A( 2 , k ) * rk ˆ(−
lambda ( k )−1) ) ;
100
101 s t r e s s x t h ( k ) =vpa ( ( Cbar ( 1 , 4 , k ) +( Cbar ( 2 , 4 , k ) +Cbar ( 3 , 4 , k ) ) *
gamma ( k ) ) * ex0 . . .
102 +( Cbar ( 4 , 4 , k ) +( Cbar ( 2 , 4 , k ) +2* Cbar ( 3 , 4 , k ) ) *omega ( k ) ) *
Y0* rk . . .
103 + ( ( Cbar ( 2 , 4 , k ) +Cbar ( 3 , 4 , k ) ) * p s i ( k )−Cbar ( 1 , 4 , k ) * a l p h a
( k , 1 )−Cbar ( 2 , 4 , k ) * a l p h a ( k , 2 )−Cbar ( 3 , 4 , k ) * a l p h a ( k
, 3 )−Cbar ( 4 , 4 , k ) * a l p h a ( k , 4 ) ) *dT . . .
104 +( Cbar ( 2 , 4 , k ) +lambda ( k ) * Cbar ( 3 , 4 , k ) ) *A( 1 , k ) * rk ˆ (
lambda ( k )−1) . . .
105 +( Cbar ( 2 , 4 , k )−lambda ( k ) * Cbar ( 3 , 4 , k ) ) *A( 2 , k ) * rk ˆ(−
lambda ( k )−1) ) ;
106
107 s t r e s s r ( k ) =vpa ( ( Cbar ( 1 , 3 , k ) +( Cbar ( 2 , 3 , k ) +Cbar ( 3 , 3 , k ) ) *
gamma ( k ) ) * ex0 . . .
108 + ( ( Cbar ( 2 , 3 , k ) +2* Cbar ( 3 , 3 , k ) ) *omega ( k ) +Cbar ( 3 , 4 , k ) ) *
Y0* rk . . .
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109 + ( ( Cbar ( 2 , 3 , k ) +Cbar ( 3 , 3 , k ) ) * p s i ( k )−Cbar ( 1 , 3 , k ) * a l p h a
( k , 1 )−Cbar ( 2 , 3 , k ) * a l p h a ( k , 2 )−Cbar ( 3 , 3 , k ) * a l p h a ( k
, 3 )−Cbar ( 4 , 3 , k ) * a l p h a ( k , 4 ) ) *dT . . .
110 +( Cbar ( 2 , 3 , k ) +lambda ( k ) * Cbar ( 3 , 3 , k ) ) *A( 1 , k ) * rk ˆ (
lambda ( k )−1) . . .
111 +( Cbar ( 2 , 3 , k )−lambda ( k ) * Cbar ( 3 , 3 , k ) ) *A( 2 , k ) * rk ˆ(−





115 % B u i l d t h e sys tem of e q u a t i o n s t o g e t t h e unknowns w( k ) , ex0
, Y0 , dT
116 %
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
117 s u m i n t s x =0;
118 s u m i n t s x t =0 ;
119
120 % Get t h e e x p r e s s i o n o f Px and Tx
121 f o r k =1:N
122 s u m i n t s x = s u m i n t s x + i n t ( s t r e s s x ( k ) * rk , rk , r ( k ) , r ( k +1) ) ;




126 EQN( 1 ) =Px==2* p i * s u m i n t s x ;
127 EQN( 2 ) =Tx==2* p i * s u m i n t s x t ;
128 EQN( 3 )=−Pin == subs ( s t r e s s r ( 1 ) , rk , r ( 1 ) ) ;
129 EQN( 4 )=−Pout == subs ( s t r e s s r (N) , rk , r (N+1) ) ;
130 i f N>1
131 f o r j =5 :N+3
132 EQN( j ) = subs ( s t r e s s r ( j −4) , rk , r ( j −3) ) == subs ( s t r e s s r ( j





137 f o r j =1 :N+1
138 v a r ( j ) =w( j ) ;
139 end
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140 v a r (N+2)=ex0 ;
141 v a r (N+3)=Y0 ;
142
143 [ As , b ]= e q u a t i o n s T o M a t r i x (EQN, v a r ) ;
144 As=vpa ( As ) ;
145 S=vpa ( i n v ( As ) *b ) ;
146 vx th=−S ( 1 ) / ( S (N+2) * r ( 1 ) ) ;
B.3 MATLAB codes for hyperboloid geometry
B.3.1 Main function
1 c l e a r a l l
2 c l c
3
4 % I n p u t p a r a m e t e r s d e s c r i p t i o n
5 % Radius : i n n e r r a d i u s a t t h e bo th end of t h e s t r u c t u r e
6 % H: H y p e r b o l o i d h e i g h t
7 % a l p h a : wrapping a n g l e o f t h e s t r a i g h t f i b e r s
8 % F i b e r A n g l e : i s t h e f i b e r o r e n t a t i o n a n g l e o f t h e p u l l e d
f i b e r s i n t h e
9 % middle o f t h e s t r u c t u r e
10 % m: i s t h e number o f f i b e r s
11 % dz : t h e z d i s t a n c e between two n e i b h o u r key p o i n t s i n a
f i b e r
12 % N: t h e d a t a p o i n t number o f t h e f i b e r a n g l e c u r v e o f t h e
p u l l e d f i b e r s
13
14 % d a t a f o r t h e Ansys model
15 s l i c e n u m =50; % s l i c e number i n Ansys
16 l inenum = s l i c e n u m +1; % Get t h e l i n e number
17
18 g l o b a l dz N m
19 Radius = 2 ; H = 4 . 5 ;
20 a l p h a = 2 0 ; a l p h a =( p i / 1 8 0 ) * a l p h a ; % Wrapping a n g l e o f t h e
s t r a i g h t f i b e r s
21 F i b e r A n g l e = 4 0 ; F i b e r A n g l e =( p i / 1 8 0 ) * F i b e r A n g l e ; % Thi s i s
t h e f i b e r a n g l e o f t h e c u r ve d f i b e r i n t h e midd le o f t h e
s t r u c t u r e
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22 m=50; % m i s t h e numer o f f i b e r s
23 dz=H/ 5 0 0 ;
24 N=100;
25
26 % Get t h e d a t a o f h y p e r b o l i c geomet ry ( a l l l a y e r s )
27 [ x1 , y1 , z1 , xg , yg2 , zg ]= f i b e r l a y o u t ( Radius , H, a lpha , F i b e r A n g l e ) ;
28
29 % Get t h e s t r a i g h t f i b e r o r i e n t a t i o n a n g l e a l o n g g l o b a l
a x i a l d i r e c t i o n
30 b e t a 1 = f i b e r a n g l e ( Radius , H, a l p h a ) ;
31 % Get t h e p u l l i n ( o u t ) c u r v ed f i b e r o r i e n t a t i o n a n g l e a l o n g
g l o b a l a x i a l
32 [ be ta2 , num]= f i b e r a n g l e p u l l i n ( Radius , H, a lpha , F i b e r A n g l e ) ;
33
34 % Get t h e p l o t
35 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
36 f i g u r e ( ’ P o s i t i o n ’ , [ s c r s z ( 3 ) / 8 s c r s z ( 4 ) / 8 3* s c r s z ( 3 ) / 4 3*
s c r s z ( 4 ) / 4 ] ) ;
37
38 f i g u r e ( 1 )
39 s e t ( gcf , ’ c o l o r ’ , ’ w h i t e ’ ) ;
40
41 s u b p l o t ( 2 , 2 , [ 1 3 ] ) ;
42 s u r f l ( x1 , y1 , z1 )
43 co lormap ( ’ g ray ’ ) ;
44 ho ld on ;
45 p l o t 3 ( x1 , y1 , z1 , ’b−’ , ’ l i n e w i d t h ’ , 1 . 5 ) ;
46 % p l o t 3 ( x1 ( 1 , : ) , y1 ( 1 , : ) , z1 ( 1 , : ) , ’ k− ’ , ’ l i n e w i d t h ’ , 1 . 5 ) ;
47 % p l o t 3 ( x1 ( n , : ) , y1 ( n , : ) , z1 ( n , : ) , ’ k− ’ , ’ l i n e w i d t h ’ , 1 . 5 ) ;
48 p l o t 3 ( xg , yg2 , zg , ’ r−’ , ’ l i n e w i d t h ’ , 1 . 5 ) ;
49 z l im ( [ 0 ,H] ) ;
50 xl im ([−Radius , Rad ius ] ) ;
51 yl im ([−Radius , Rad ius ] ) ;
52 g r i d on ;
53 campro j ( ’ p e r s p e c t i v e ’ ) ;
54 view ( [ 1 , 1 , 0 ] ) ;
55 ho ld o f f ;
56
57
58 s u b p l o t ( 2 , 2 , 2 ) ;
59 z d i r 1 =0: dz :H;
60 p l o t ( z d i r 1 , be ta1 , ’b−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
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61 x l a b e l ( ’ A x i a l Length ( i n c h ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
62 y l a b e l ( ’ F i b e r O r i e n t a t i o n Angle ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
63 t i t l e ( ’ S t r a i g h t F i b e r s ’ , ’ F o n t S i z e ’ , 1 8 ) ;
64
65 s u b p l o t ( 2 , 2 , 4 )
66 z d i r 2 = ( 0 : num ) / num*H;
67 p l o t ( z d i r 2 , be ta2 , ’ r−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
68 x l a b e l ( ’ A x i a l Length ( i n c h ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
69 y l a b e l ( ’ F i b e r O r i e n t a t i o n Angle ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
70 t i t l e ( ’ P u l l i n ( o u t ) Curved F i b e r s ’ , ’ F o n t S i z e ’ , 1 8 ) ;
71 ho ld o f f ;
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76 % Now we want t o f i n d t h e f i b e r o r i e n t a t i o n a n g l e d a t a t o
t h e r e p s e c t i v e l i n e number
77 % l i n e number : 1 −− l inenum
78 % Connect t h e l inenum and node i n t h e Mat lab
79 MaxMat num1= l e n g t h ( z d i r 1 ) ; % f o r s t r a i g h t f i b e r = H/ dz +1
80 MaxMat num2= l e n g t h ( z d i r 2 ) ; % f o r p u l l−i n ( o u t ) f i b e r = num +
1 = 2*N + 1
81
82 Mat num1= z e r o s ( 1 , l inenum ) ;
83 Mat num2= z e r o s ( 1 , l inenum ) ;
84 f o r i =1 : l inenum
85 Mat num1 ( i ) =( MaxMat num1−1) * ( i −1) / ( l inenum −1) +1; % (H/ dz
) / s l i c e n u m must be an i n t , s i n c e s l i c e n u m = 50 , H/ dz
must be a m u l t i p l y o f 50
86 Mat num2 ( i ) =( MaxMat num2−1) * ( i −1) / ( l inenum −1) +1; % 2*N/
s l i c e n u m must be an i n t , which mean 2*N i s t h e
m u l t i p l y o f 50
87 end
88 MatAngle1= z e r o s ( 1 , l inenum ) ; % f o r s t r a g h t f i b e r s
89 MatAngle2= z e r o s ( 1 , l inenum ) ; % f o r p u l l−i n ( o u t ) f i b e r s
90 f o r i =1 : l inenum
91 MatAngle1 ( i ) = b e t a 1 ( Mat num1 ( i ) ) ;
92 MatAngle2 ( i ) = b e t a 2 ( Mat num2 ( i ) ) ;
93 end
94 % Now we need t h e d a t a o f mid node f o r o u t p u t i n g t o Ansys
91
95 OutMat num1= z e r o s ( 1 , s l i c e n u m ) ;
96 OutMat num2= z e r o s ( 1 , s l i c e n u m ) ;
97 f o r i =1 : s l i c e n u m
98 OutMat num1 ( i ) =( Mat num1 ( i ) +Mat num1 ( i +1) ) / 2 ; % Mat num1
( i ) + Mat num1 ( i +1) = ( (H/ dz ) / s l i c e n u m ) *(2* i −1)+2
must be an even number , which means (H/ dz ) / s l i c e n u m
must be an even number ( which means H/ dz = 100 , 200 ,
300 , 400 , . . . . )
99 OutMat num2 ( i ) =( Mat num2 ( i ) +Mat num2 ( i +1) ) / 2 ; %
100 end
101 % Now g e t t h e f i b e r o r i e n t a t i o n a n g l e d a t a f o r t h e Ansys
102 OutAngle1= z e r o s ( 1 , s l i c e n u m ) ; % f o r s t r a g h t f i b e r s
103 OutAngle2= z e r o s ( 1 , s l i c e n u m ) ; % f o r p u l l−i n ( o u t ) f i b e r s
104 f o r i =1 : s l i c e n u m
105 OutAngle1 ( i ) = b e t a 1 ( OutMat num1 ( i ) ) ;
106 OutAngle2 ( i ) = b e t a 2 ( OutMat num2 ( i ) ) ;
107 end
108 % now check t h e a c c u r a c y of t h e o u t p u t d a t a
109 Outz1= z e r o s ( 1 , s l i c e n u m ) ;
110 Outz2= z e r o s ( 1 , s l i c e n u m ) ;
111 f o r i =1 : s l i c e n u m
112 Outz1 ( i ) = z d i r 1 ( OutMat num1 ( i ) ) ;
113 Outz2 ( i ) = z d i r 2 ( OutMat num2 ( i ) ) ;
114 end
115
116 s c r s z = g e t ( 0 , ’ S c r e e n S i z e ’ ) ;
117 f i g u r e ( ’ P o s i t i o n ’ , [ 0 s c r s z ( 4 ) / 8 s c r s z ( 3 ) 3* s c r s z ( 4 ) / 4 ] ) ;
118
119 f i g u r e ( 2 )
120 s e t ( gcf , ’ c o l o r ’ , ’ w h i t e ’ ) ;
121 s u b p l o t ( 1 , 2 , 1 )
122 p l o t ( z d i r 1 , be ta1 , ’b−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
123 ho ld on ;
124 p l o t ( Outz1 , OutAngle1 , ’ ro−−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
125 t i t l e ( ’ S t r a i g h t F i b e r s ’ , ’ F o n t S i z e ’ , 1 8 ) ;
126 x l a b e l ( ’ A x i a l Length ( i n c h ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
127 y l a b e l ( ’ F i b e r O r i e n t a t i o n Angle ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
128 ho ld o f f ;
129
130 s u b p l o t ( 1 , 2 , 2 )
131 p l o t ( z d i r 2 , be ta2 , ’b−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
132 ho ld on ;
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133 p l o t ( Outz2 , OutAngle2 , ’ ro−−’ , ’ L i n e w i d t h ’ , 1 . 5 ) ;
134 t i t l e ( ’ P u l l i n ( o u t ) Curved F i b e r s ’ , ’ F o n t S i z e ’ , 1 8 ) ;
135 x l a b e l ( ’ A x i a l Length ( i n c h ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
136 y l a b e l ( ’ F i b e r O r i e n t a t i o n Angle ( deg ) ’ , ’ F o n t S i z e ’ , 1 5 ) ;
137 ho ld o f f ;
138
139 Pu l l edWrapp ing = p u l l e d f i b e r w r a p ( F ibe rAng le , a lpha , H, Rad ius ) %
The o u t p u t i s t h e wrapping a n g l e f o r t h e cu rv ed f i b e r
140
141 % Wri te t h e APDL f i l e f o r ANSYS
142 Nu = 1 : 1 : 2 5 ;
143 SAngle=OutAngle1 ( 1 : 2 5 ) ;
144 PAngle=OutAngle2 ( 1 : 2 5 ) ;
145 APDLFile= fopen ( ’ APDLGeneration . t x t ’ , ’w’ ) ;
146 f o r i =1:25
147 i f mod ( i , 5 ) ˜=0
148 f p r i n t f ( APDLFile , ’ SAngle(%d ) =%.2 f $ ’ ,Nu ( i ) , SAngle ( i
) ) ;
149 e l s e
150 f p r i n t f ( APDLFile , ’ SAngle(%d ) =%.2 f \ r \n ’ ,Nu ( i ) , SAngle (
i ) ) ;
151 end
152 end
153 f p r i n t f ( APDLFile , ’\ r \n ’ ) ;
154 f o r i =1:25
155 i f mod ( i , 5 ) ˜=0
156 f p r i n t f ( APDLFile , ’ PAngle(%d ) =%.2 f $ ’ ,Nu ( i ) , PAngle ( i
) ) ;
157 e l s e
158 f p r i n t f ( APDLFile , ’ PAngle(%d ) =%.2 f \ r \n ’ ,Nu ( i ) , PAngle (
i ) ) ;
159 end
160 end
161 f c l o s e ( APDLFile ) ;
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B.3.2 The function that calculate the fiber orientation angles of the
straight fibers
1 f u n c t i o n b e t a = f i b e r a n g l e (R , H, a l p h a )
2 % F u n c t i o n s o f t h i s f u n c t i o n : o u t p u t b e t a i s t h e f i b e r
o r i e n t a t i o n a n g l e s
3 % t h r o u g h t h e h e i g h t ( o f s t r a i g h t f i b e r s )
4 % R i s t h e r a d i u s
5 % H i s a x i a l l e n g t h
6 % a l p h a i s t h e wrapping a n g l e
7 g l o b a l dz
8 t h e t a A =0;
9 % dz = 0 . 0 1 ; % S e t t h e i n c r e m e n t o f z
10 z =0: dz :H;
11
12 % In c y l i n d r i c a l c o o r d i n a t e
13 r1 = s q r t (Rˆ2+ z . ˆ 2 . * 4 * Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−4*Rˆ2* s i n ( a l p h a
/ 2 ) ˆ 2 . * z . / H) ; % r a d i a l p o s i t i o n o f 1
14 t h 1 = t h e t a A + r e a l ( acos ( ( Rˆ2+ r1 . ˆ2− ( z . * 2 *R. * s i n ( a l p h a / 2 ) . / H)
. ˆ 2 ) . / ( 2 * R. * r1 ) ) ) ; % a n g l e p o s i t i o n o f 1
15 z1=z ;
16
17 % r2 = s q r t (Rˆ 2 + ( z+dz ) . ˆ 2 . * 4 * Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−4*Rˆ2* s i n (
a l p h a / 2 ) ˆ 2 . * ( z+dz ) . / H) ; % r a d i a l p o s i t i o n o f 2
18 % t h 2 = t h 1 ;
19 % z2=z+dz ;
20
21 % T r a n s f e r t o C a r t e s i a n C o o r d i n a t e
22 [ x1 y1 z1 ]= p o l 2 c a r t ( th1 , r1 , z1 ) ;
23 % [ x2 y2 z2 ]= p o l 2 c a r t ( th2 , r2 , z2 ) ;
24
25 % C a l c u l a t e t h e u n i t v e c t o r o f 1−2
26 % u12 =[ x2−x1 ; y2−y1 ; z2−z1 ] ;
27 % f o r i =1 : l e n g t h ( z )
28 % u12 ( : , i ) =u12 ( : , i ) / norm ( u12 ( : , i ) ) ;
29 % end
30
31 % E x p r e s s u n i t v e c t o r o f t h e l o c a l a x i a l
32 x0=x1 . * ( z1 *4*Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−2*Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /H) ;
33 y0=y1 . * ( z1 *4*Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−2*Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /H) ;
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34 z0=z1 . ˆ 2 . * 4 * Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−z1 . * 4 *Rˆ2* s i n ( a l p h a / 2 ) ˆ 2 /
H+R ˆ 2 ;
35
36 u0 =[ x0 ; y0 ; z0 ] ;
37 f o r i =1 : l e n g t h ( z )
38 u0 ( : , i ) =u0 ( : , i ) / norm ( u0 ( : , i ) ) ;
39 end
40
41 % C a l c u l a t e t h e u n i t v e c t o r o f t h e f i b e r
42 rA=R ; zA =0;
43 rB=R ; t h e t a B = t h e t a A + a l p h a ; zB=H;
44 [ xA yA zA]= p o l 2 c a r t ( the taA , rA , zA ) ;
45 [ xB yB zB ]= p o l 2 c a r t ( t he t aB , rB , zB ) ;
46 uAB=[xB−xA ; yB−yA ; zB−zA ] ;
47 uAB=uAB / norm (uAB) ;
48
49 % C a l c u l a t e t h e a n g l e between f i b e r and u12
50 f o r i =1 : l e n g t h ( z )
51 c o s b e t a ( i ) = d o t ( u0 ( : , i ) ,uAB) ;
52 end
53
54 b e t a = acos ( c o s b e t a ) ;
55 b e t a =180* b e t a / p i ;
B.3.3 The function that calculate the fiber orientation angles of the
curved fibers
1 f u n c t i o n [ be t a , num]= f i b e r a n g l e p u l l i n ( Radius , H, a lpha ,
F i b e r A n g l e )
2 % The i n p u t d e f i n i t i o n i s t h e same as t h e ” f i b e r a n g l e .m”
3 % Outpu t i s t h e f i b e r o r i e n t a t i o n a n g l e o f t h e p u l l i n ( o u t )
f i b e r s a l o n g t h e
4 % a x i a l l e n g t h
5 % N: i s t h e d a t a p o i n t number o f t h e f i b e r a n g l e c u r v e o f
t h e p u l l e d f i b e r s
6 g l o b a l N
7 xp =0; yp= s q r t ( Rad ius ˆ2* cos ( a l p h a / 2 ) ˆ2−xp ˆ 2 ) ;
8 c1=yp* Radius * cos ( a l p h a / 2 ) * c o t ( F i b e r A n g l e ) ;
9 c2=−xp* Radius * cos ( a l p h a / 2 ) * c o t ( F i b e r A n g l e ) ;
10 c3=−Radius ˆ2* cos ( a l p h a / 2 ) ˆ 2 ;
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11 c4=−Radius ˆ2* cos ( a l p h a / 2 ) ˆ2*H/ 2 ;
12
13 a1=−4* Radius ˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ 2 ; a2 =4* Radius ˆ2* s i n ( a l p h a
/ 2 ) ˆ 2 /H; a3= Rad ius ˆ 2 ;
14 G1=1+ a1 * c1 ˆ 2 / c3 ˆ 2 ; G2=−(2* a1 * c1 * c4 / c3 ˆ2+ a2 * c1 / c3 ) ; G3=a3−a1 *
c4 ˆ 2 / c3 ˆ2−a2 * c4 / c3 ;
15
16 % P a r e m e t r i c E x p r e s s i o n o f t h e p u l l i n−f i b e r s
17 t =−Radius : Rad ius /N: Rad ius ;
18 xg= t ;
19 yg1= r e a l ( s q r t ( G3−G1* t .ˆ2−G2* t ) ) ;
20 yg2= r e a l (− s q r t ( G3−G1* t .ˆ2−G2* t ) ) ;
21 zg =( c4−c1 * t ) / c3 ;
22
23 % Loca l t a n g e n t i a l v e c t o r o f t h e p u l l i n−c u r v e ( a t xg , yg , zg )
24 xd= ones ( 1 , l e n g t h ( t ) ) ;
25 yd =−0.5*(G3−G1* t .ˆ2−G2* t ) . ˆ ( −1 / 2 ) .*(−2*G1* t−G2 ) ;
26 zd=(−c1 / c3 ) * ones ( 1 , l e n g t h ( t ) ) ;
27
28 % Loca l a x i a l d i r e c t i o n ( a t xg , yg , zg )
29 x0=xg . * ( zg *4* Radius ˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−2* Radius ˆ2* s i n (
a l p h a / 2 ) ˆ 2 /H) ;
30 y0=yg2 . * ( zg *4* Radius ˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−2* Radius ˆ2* s i n (
a l p h a / 2 ) ˆ 2 /H) ;
31 z0=zg . ˆ 2 . * 4 * Radius ˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ2−zg . * 4 * Radius ˆ2* s i n (
a l p h a / 2 ) ˆ 2 /H+ Radius ˆ 2 ;
32
33 % E x p r e s s t h e u n i t v e c t o r o f l o c a l t a n g e n t i a l v e c t o r and
l o c a l a x i a l d i r e c t i o n
34 ud =[ xd ; yd ; zd ] ;
35 f o r i =1 : l e n g t h ( t )
36 ud ( : , i ) =ud ( : , i ) / norm ( ud ( : , i ) ) ;
37 end
38
39 u0 =[ x0 ; y0 ; z0 ] ;
40 f o r i =1 : l e n g t h ( t )
41 u0 ( : , i ) =u0 ( : , i ) / norm ( u0 ( : , i ) ) ;
42 end
43
44 % Get t h e v a l u e o f cos ( b e t a ) and t h e r e a f t e r b e t a
45 f o r i =1 : l e n g t h ( t )
46 c o s b e t a ( i ) = d o t ( ud ( : , i ) , u0 ( : , i ) ) ;
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47 end
48 b e t a = acos ( c o s b e t a ) ;
49 b e t a =180* b e t a / p i ;
50 num= l e n g t h ( t )−1;
B.3.4 The function that generate the hyperboloid geometry and fibers
1 f u n c t i o n [ x1 , y1 , z1 , xg , yg2 , zg ]= f i b e r l a y o u t ( Radius , H, a lpha ,
F i b e r A n g l e )
2 % O b j e c t i v e o f t h i s f u n c t i o n i s t o g e t t h e n e c e s s a r y d a t a
f o r g e n e r a t i n g
3 % l a y e r e d h y p e r b o l i o d s t r u c t u r e ; f i b e r s t y l e s a r e s t r a i g h t
and p u l l i n−c u r ve d
4 % a l p h a : wrapping a n g l e o f s t r a i g h t f i b e r
5 % F i b e r A n g l e : F i b e r o r i e n t a t i o n a n g l e o f t h e c u r v ed a n g l e
6 % m: c o n t r o l t h e number o f t h e f i b e r s shown
7 g l o b a l m
8 n =40;
9 t h e t a = ( 0 :m) /m*2* p i ;
10
11 % Get t h e d a t a f o r s t r a i g h t f i b e r s
12 %
**********************************************************************************************
13 r = Rad ius * ones ( 1 , n ) ; %
14 z=H* ( 0 : ( l e n g t h ( r )−1) ) / ( l e n g t h ( r )−1) ; % z c o o r d i n a t e
15 x=r ’* cos ( t h e t a ) ; % x , y , z a r e a l l nodes on a c y l i n d e r s
16 y=r ’* s i n ( t h e t a ) ;
17 z=z ’* ones ( 1 ,m+1) ;
18
19 d t h e t a =( a l p h a ) * ones ( l e n g t h ( r ) ,m+1) ; % wrapping a n g l e ( f o r
e v e r y f i b e r )
20 r2 = s q r t ( Rad ius ˆ2+ z . ˆ 2 . * 4 * Radius ˆ 2 . * s i n ( d t h e t a / 2 ) . ˆ 2 / Hˆ2−4*
Radius ˆ2* s i n ( d t h e t a / 2 ) . ˆ 2 . * z . / H) ;
21 t h e t a = ones ( n , 1 ) * t h e t a ;
22 t h 2 = t h e t a + r e a l ( acos ( ( Rad ius ˆ2+ r2 . ˆ2− ( z . * 2 * Radius . * s i n ( d t h e t a
/ 2 ) . / H) . ˆ 2 ) . / ( 2 * Rad ius . * r2 ) ) ) ;





26 % Get t h e d a t a f o r p u l l i n−f i b e r s
27 %
**********************************************************************************************
28 xp =0; yp= s q r t ( Rad ius ˆ2* cos ( a l p h a / 2 ) ˆ2−xp ˆ 2 ) ;
29 c1=yp* Radius * cos ( a l p h a / 2 ) * c o t ( F i b e r A n g l e ) ;
30 c2=−xp* Radius * cos ( a l p h a / 2 ) * c o t ( F i b e r A n g l e ) ;
31 c3=−Radius ˆ2* cos ( a l p h a / 2 ) ˆ 2 ;
32 c4=−Radius ˆ2* cos ( a l p h a / 2 ) ˆ2*H/ 2 ;
33
34 a1=−4* Radius ˆ2* s i n ( a l p h a / 2 ) ˆ 2 /Hˆ 2 ; a2 =4* Radius ˆ2* s i n ( a l p h a
/ 2 ) ˆ 2 /H; a3= Rad ius ˆ 2 ;
35 G1=1+ a1 * c1 ˆ 2 / c3 ˆ 2 ; G2=−(2* a1 * c1 * c4 / c3 ˆ2+ a2 * c1 / c3 ) ; G3=a3−a1 *
c4 ˆ 2 / c3 ˆ2−a2 * c4 / c3 ;
36
37 % P a r e m e t r i c E x p r e s s i o n o f t h e p u l l i n−f i b e r s
38 t =−Radius : Rad ius / ( 5 0 * Radius ) : Rad ius ;
39 xg= t ;
40 yg1= r e a l ( s q r t ( G3−G1* t .ˆ2−G2* t ) ) ;
41 yg2= r e a l (− s q r t ( G3−G1* t .ˆ2−G2* t ) ) ;
42 zg =( c4−c1 * t ) / c3 ;
43
44 % Get d a t a o f o t h e r p u l l i n−f i b e r s
45 xg=xg ’ ; yg1=yg1 ’ ; yg2=yg2 ’ ; zg=zg ’ ;
46 t h g = z e r o s ( l e n g t h ( xg ) ,m+1) ; r g = z e r o s ( l e n g t h ( xg ) ,m+1) ; z g =
z e r o s ( l e n g t h ( xg ) ,m+1) ;
47 [ t h g ( : , 1 ) , r g ( : , 1 ) , z g ( : , 1 ) ]= c a r t 2 p o l ( xg , yg2 , zg ) ;
48 d p s i = ( 0 :m) /m*2* p i ;
49 f o r j =1 :m+1
50 t h g ( : , j ) = t h g ( : , 1 ) + d p s i ( j ) ;
51 r g ( : , j ) = r g ( : , 1 ) ;
52 z g ( : , j ) = z g ( : , 1 ) ;
53 end
54 [ xg , yg2 , zg ]= p o l 2 c a r t ( t h g , r g , z g ) ;
55
56 % T a i l o r t h e da t a , add z l i m i t
57 f o r i =1 : l e n g t h ( xg )
58 f o r j =1 :m+1
59 i f zg ( i , j )<0 | zg ( i , j )>H






65 k= l e n g t h ( xg ) ;
66 f o r i =1 : k
67 i f zg ( k+1− i , : ) ==0
68 zg ( k+1− i , : ) = [ ] ;
69 xg ( k+1− i , : ) = [ ] ;





B.4 ANSYS APDL codes for the analysis of laminated tubes
The APDL codes listed here are for the solid elements. If using shell element, the codes
are similar and actually even simpler.
1 f i n i s h
2 / c l e a r , s t a r t
3 / PREP7
4 ! P a r a m e t e r S e t
5 t h e t a = 10
6 a l p h a = 40
7 l o a d z = −0.05
8 t h i c k n e s s = 0 . 0 5
9 l e n g t h = 5
10 l ayernum = 3
11
12 e t , 1 , SOLID185
13 KEYOPT, 1 , 2 , 0
14 KEYOPT, 1 , 3 , 1
15 KEYOPT, 1 , 6 , 0
16 KEYOPT, 1 , 8 , 1
17
18 ! M a t e r i a l P r o p e r t i e s
19 MPTEMP, , , , , , , ,
99
20 MPTEMP, 1 , 0
21 MPDATA, EX, 1 , , 2 0 e6
22 MPDATA, EY, 1 , , 5 0 e3
23 MPDATA, EZ , 1 , , 5 0 e3
24 MPDATA, PRXY, 1 , , 0 . 3 2
25 MPDATA, PRYZ, 1 , , 0 . 5 8
26 MPDATA, PRXZ, 1 , , 0 . 3 2
27 MPDATA,GXY, 1 , , 1 2 e3
28 MPDATA,GYZ, 1 , , 2 0 e3
29 MPDATA,GXZ, 1 , , 1 2 e3
30 MPTEMP, , , , , , , ,
31 MPTEMP, 1 , 0
32 MPDATA, DENS, 1 , , 2 2 0 0
33
34 s e c t , 1 , s h e l l , ,
35 s e c d a t a , t h i c k n e s s , 1 , t h e t a , 3
36 s e c d a t a , t h i c k n e s s , 1 , a lpha , 3
37 ! s e c d a t a , t h i c k n e s s , 1 , a lpha , 3
38 s e c d a t a , t h i c k n e s s , 1 , t h e t a , 3
39 s e c o f f s e t , MID
40 s e c c o n t r o l , , , , , , ,
41
42 ! Geometry Model
43 r2 =2 ! i n n e r r a d i u s
44 r1 =2+ layernum * t h i c k n e s s ! o u t e r r a d i u s
45
46 CYL4, 0 , 0 , r2 , , r1 , , l e n g t h
47
48 lcomb , 1 , 2 , 0
49 lcomb , 3 , 4 , 0
50 lcomb , 5 , 6 , 0
51 lcomb , 7 , 8 , 0
52 lcomb , 9 , 1 0 , 0
53 lcomb , 1 1 , 1 2 , 0
54 lcomb , 1 3 , 1 4 , 0
55 lcomb , 1 5 , 1 6 , 0
56
57 wpro , , 9 0 ,
58 vsbw , 1
59 wpcsys ,−1 ,0
60
61 ! v e o r i e n t , 2 , t h i n
100
62 ! v e o r i e n t , 3 , t h i n
63
64 v e o r i e n t , 2 , l i n e ,−6
65 v e o r i e n t , 3 , l i n e ,−8
66
67 l s e l , s , , , 1 , 1 5 , 2
68 l e s i z e , a l l , , , 4 0 , , , , , 1
69 a l l s e l , a l l
70
71 l s e l , s , , , 2 , 8 , 2
72 l e s i z e , a l l , , , 1 , , , , , , 1
73 a l l s e l , a l l
74
75 l s e l , s , , , 1 7 , 2 0 , 1
76 l e s i z e , a l l , , , 1 0 0 , , , , , 1
77 a l l s e l , a l l
78
79 MSHAPE, 0 , 3D
80 MSHKEY, 1
81 vmesh , 2
82 vmesh , 3
83
84 /PSYMB, ESYS , 1
85 ! / DEVICE ,VECTOR, 1
86 / ESHAPE, 1
87 / EFACET, 1
88 / r e p l o t
89
90 ! Boundary C o n d i t i o n s
91 csys , 1
92 n r o t a t , a l l
93
94 a s e l , s , , , 7 , 1 1 , 4
95 n s l a , s , 1
96 d , a l l , ux , 0
97 d , a l l , uy , 0
98 d , a l l , uz , 0
99 a l l s e l , a l l
100
101 ! a s e l , s , , , 8 , 1 2 , 4
102 ! n s l a , s , 1
103 ! d , a l l , ux , 0
101
104 ! d , a l l , uz , l o a d z
105 ! a l l s e l , a l l
106 n s e l , s , loc , z , l e n g t h
107 d , a l l , ux , 0
108 d , a l l , uz , l o a d z
109 a l l s e l , a l l
110
111 ! A l t e r n a t i v e Boundary C o n d i t i o n
112 ! +++++++++++++++++++++++++++++++++++ !
113 ! a s e l , s , , , 7 , 1 1 , 4
114 ! n s l a , s , 1
115 ! d , a l l , uy , 0
116 ! d , a l l , uz , 0
117 ! a l l s e l , a l l
118
119 ! a s e l , s , , , 8 , 1 2 , 4
120 ! n s l a , s , 1
121 ! d , a l l , uz , l o a d z
122 ! a l l s e l , a l l
123 ! +++++++++++++++++++++++++++++++++++ !
124
125
126 ! / DEVICE ,VECTOR, 0
127 / SHRINK, 0
128 / ESHAPE , 1 . 0
129 / EFACET, 1
130 / RATIO , 1 , 1 , 1
131 /CFORMAT, 3 2 , 0
132 / REPLOT
133 e p l o t
134
135 / s o l
136 an type , 0
137 nlgeom , o f f
138 ! nlgeom , on
139 s o l v e
140 f i n i s h
141
142 / p o s t 1
143 r s y s , 1
144 ! n s e l , s , loc , z , l e n g t h / 2 , l e n g t h / 2
145 ! n s e l , r , loc , x , 1 . 9 , 1 . 9
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146 / head , o f f , o f f , o f f , o f f
147 / fo rmat , 3 , , 1 5 , 4
148 / page , 3 0 0 0 , , 3 0 0 0
149 / e f a c e t , 2
150 ! / o u t p u t , m id rd i sp , d a t
151 ! p r n s o l , u , x
152 ! / o u t p u t , m i d s t r a i n z , d a t
153 ! p r n s o l , ep to , comp
154 a l l s e l , a l l
155 n s e l , s , loc , x , 2 , 2
156 n s e l , r , loc , y , 0 , 0
157 n s o r t , loc , z , 1 , 0 , , s e l e c t
158 / o u t p u t , d i s p a l o n g a x i a l , d a t
159 p r n s o l , u , x
160 / o u t p u t , s t r a i n z a l o n g a x i a l , d a t
161 p r n s o l , ep to , comp
162
163 a l l s e l , a l l
164 p l n s o l , u , x , 0 , 1 . 0
165 /SHOW, WIN32C
166 /CLABEL, 1 , 0
167 /CONTOUR, 1 , 1 0 0 ,AUTO, ,
168 / DEVICE ,VECTOR, 0
169 / CTYPE, 0
170 / VIEW, 1 , 1
171 /ANG, 1
172 / REP , FAST
173 /DSCALE, 1 , 1 . 0
174 / vcone , 1 , 1 5
175 / r e p l o t
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B.5 ANSYS APDL codes for the analysis of laminated hy-
perboloid structures
B.5.1 Analysis using shell elements
1 f i n i s h
2 / c l e a r , s t a r t
3 / PREP7
4 ! P a r a m e t e r S e t
5 p i =3.14159265359
6 t h e t a =40
7 a l p h a =10
8 l o a d z =−0.05
9 l o a d y = p i / 1 2
10 t h i c k n e s s =0 .05
11 r a d i u s =2
12 h e i g h t =4 .5
13 s l i c e n u m =25
14 s l i c e h e i g h t = h e i g h t / s l i c e n u m
15 wrapping = p i / 9
16




19 *dim , SAngle , a r r a y , s l i c e n u m ! S t r a i g h t F i b e r
20 *dim , PAngle , a r r a y , s l i c e n u m ! P u l l−i n ( o u t ) F i b e r
21
22 SAngle ( 1 ) =8 .65 $ SAngle ( 2 ) =8 .67 $ SAngle ( 3 ) =8 .69 $ SAngle ( 4 )
=8 .70 $ SAngle ( 5 ) =8 .72
23 SAngle ( 6 ) =8 .73 $ SAngle ( 7 ) =8 .74 $ SAngle ( 8 ) =8 .75 $ SAngle ( 9 )
=8 .76 $ SAngle ( 1 0 ) =8 .77
24 SAngle ( 1 1 ) =8 .77 $ SAngle ( 1 2 ) =8 .77 $ SAngle ( 1 3 ) =8 .77 $ SAngle
( 1 4 ) =8 .77 $ SAngle ( 1 5 ) =8 .77
25 SAngle ( 1 6 ) =8 .77 $ SAngle ( 1 7 ) =8 .76 $ SAngle ( 1 8 ) =8 .75 $ SAngle
( 1 9 ) =8 .74 $ SAngle ( 2 0 ) =8 .73
26 SAngle ( 2 1 ) =8 .72 $ SAngle ( 2 2 ) =8 .70 $ SAngle ( 2 3 ) =8 .69 $ SAngle
( 2 4 ) =8 .67 $ SAngle ( 2 5 ) =8 .65
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27 ! SAngle ( 2 6 ) =9 .85 $ SAngle ( 2 7 ) =9 .85 $ SAngle ( 2 8 ) =9 .85 $
SAngle ( 2 9 ) =9 .85 $ SAngle ( 3 0 ) =9 .85
28 ! SAngle ( 3 1 ) =9 .84 $ SAngle ( 3 2 ) =9 .84 $ SAngle ( 3 3 ) =9 .84 $
SAngle ( 3 4 ) =9 .83 $ SAngle ( 3 5 ) =9 .83
29 ! SAngle ( 3 6 ) =9 .82 $ SAngle ( 3 7 ) =9 .82 $ SAngle ( 3 8 ) =9 .81 $
SAngle ( 3 9 ) =9 .81 $ SAngle ( 4 0 ) =9 .80
30 ! SAngle ( 4 1 ) =9 .79 $ SAngle ( 4 2 ) =9 .78 $ SAngle ( 4 3 ) =9 .78 $
SAngle ( 4 4 ) =9 .77 $ SAngle ( 4 5 ) =9 .76
31 ! SAngle ( 4 6 ) =9 .75 $ SAngle ( 4 7 ) =9 .74 $ SAngle ( 4 8 ) =9 .73 $
SAngle ( 4 9 ) =9 .72 $ SAngle ( 5 0 ) =9 .71
32
33 PAngle ( 1 ) =70 .88 $ PAngle ( 2 ) =59 .99 $ PAngle ( 3 ) =54 .03 $ PAngle
( 4 ) =50 .09 $ PAngle ( 5 ) =47 .27
34 PAngle ( 6 ) =45 .18 $ PAngle ( 7 ) =43 .59 $ PAngle ( 8 ) =42 .38 $ PAngle
( 9 ) =41 .47 $ PAngle ( 1 0 ) =40 .81
35 PAngle ( 1 1 ) =40 .35 $ PAngle ( 1 2 ) =40 .09 $ PAngle ( 1 3 ) =40 .00 $
PAngle ( 1 4 ) =40 .09 $ PAngle ( 1 5 ) =40 .35
36 PAngle ( 1 6 ) =40 .81 $ PAngle ( 1 7 ) =41 .47 $ PAngle ( 1 8 ) =42 .38 $
PAngle ( 1 9 ) =43 .59 $ PAngle ( 2 0 ) =45 .18
37 PAngle ( 2 1 ) =47 .27 $ PAngle ( 2 2 ) =50 .09 $ PAngle ( 2 3 ) =54 .03 $
PAngle ( 2 4 ) =59 .99 $ PAngle ( 2 5 ) =70 .88
38 ! PAngle ( 2 6 ) =40 .01 $ PAngle ( 2 7 ) =40 .05 $ PAngle ( 2 8 ) =40 .13 $
PAngle ( 2 9 ) =40 .26 $ PAngle ( 3 0 ) =40 .44
39 ! PAngle ( 3 1 ) =40 .66 $ PAngle ( 3 2 ) =40 .93 $ PAngle ( 3 3 ) =41 .26 $
PAngle ( 3 4 ) =41 .64 $ PAngle ( 3 5 ) =42 .09
40 ! PAngle ( 3 6 ) =42 .60 $ PAngle ( 3 7 ) =43 .19 $ PAngle ( 3 8 ) =43 .87 $
PAngle ( 3 9 ) =44 .65 $ PAngle ( 4 0 ) =45 .54
41 ! PAngle ( 4 1 ) =46 .56 $ PAngle ( 4 2 ) =47 .74 $ PAngle ( 4 3 ) =49 .11 $
PAngle ( 4 4 ) =50 .72 $ PAngle ( 4 5 ) =52 .63
42 ! PAngle ( 4 6 ) =54 .94 $ PAngle ( 4 7 ) =57 .80 $ PAngle ( 4 8 ) =61 .48 $
PAngle ( 4 9 ) =66 .50 $ PAngle ( 5 0 ) =74 .46
43
44
45 ! a d j u s t t h e f i b e r a n g l e
46 *do , i , 1 , s l i c e n u m
47 SAngle ( i ) =90−SAngle ( i )
48 PAngle ( i ) =90−PAngle ( i )
49 * enddo
50
51 ! Making use o f t h e symmetry o f t h e c u r v e
52 !* do , i , s l i c e n u m / 2 + 1 , s l i cenum , 1
53 ! SAngle ( i ) =SAngle ( s l i c e n u m+1− i )
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58 ! D e f in e Element
59 e t , 1 , SHELL181
60 KEYOPT, 1 , 1 , 0
61 KEYOPT, 1 , 3 , 2
62 KEYOPT, 1 , 8 , 2
63 KEYOPT, 1 , 9 , 0
64
65 MPTEMP, , , , , , , ,
66 MPTEMP, 1 , 0
67 MPDATA, EX, 1 , , 2 0 e6
68 MPDATA, EY, 1 , , 5 0 e3
69 MPDATA, EZ , 1 , , 5 0 e3
70 MPDATA, PRXY, 1 , , 0 . 3 2
71 MPDATA, PRYZ, 1 , , 0 . 5 8
72 MPDATA, PRXZ, 1 , , 0 . 3 2
73 MPDATA,GXY, 1 , , 1 2 e3
74 MPDATA,GYZ, 1 , , 2 0 e3
75 MPDATA,GXZ, 1 , , 1 2 e3
76 MPTEMP, , , , , , , ,
77 MPTEMP, 1 , 0
78 MPDATA, DENS, 1 , , 2 2 0 0
79
80
81 ! Codes under c o n s t r u c t i o n
82 ! xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx ! x
83 ! D e f in e t h e l a y e r s
84 *do , i , 1 , s l i cenum , 1
85 s e c t , i , s h e l l , ,
86 s e c d a t a , t h i c k n e s s , 1 , PAngle ( i ) ,3
87 s e c d a t a , t h i c k n e s s , 1 , SAngle ( i ) ,3
88 ! s e c d a t a , t h i c k n e s s , 1 , SAngle ( i ) ,3
89 s e c d a t a , t h i c k n e s s , 1 , PAngle ( i ) ,3
90 s e c o f f s e t , MID
91 s e c c o n t r o l , , , , , , ,
92 * enddo
93 ! xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx ! x
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94
95 ! Geometry model ing
96 *do , i , 1 , s l i cenum , 1
97 z1 =( i −1)* s l i c e h e i g h t
98 z2= i * s l i c e h e i g h t
99 r11 = r a d i u s **2
100 r12 =z1 **2*4* r a d i u s **2* s i n ( wrapping / 2 ) **2 / h e i g h t **2
101 r13 =−4* r a d i u s **2* s i n ( wrapping / 2 ) **2* z1 / h e i g h t
102 r21 = r a d i u s **2
103 r22 =z2 **2*4* r a d i u s **2* s i n ( wrapping / 2 ) **2 / h e i g h t **2
104 r23 =−4* r a d i u s **2* s i n ( wrapping / 2 ) **2* z2 / h e i g h t
105 r1 = s q r t ( r11 + r12 + r13 )
106 r2 = s q r t ( r21 + r22 + r23 )
107 CONE, r1 , r2 , z1 , z2 , 0 , 3 6 0 ,
108 * enddo
109
110 v s e l , s , , , 1 , s l i cenum , 1
111 vglue , a l l
112 vde le , 1
113 vde le , s l i c e n u m b e r +1 ,2* s l i cenum −1 ,1
114 a l l s e l , a l l
115
116 endnum=4* s l i cenum−2
117 a d e l e , 1
118 a s e l , s , , , 2 , endnum , 4
119 a d e l e , a l l
120 a l l s e l , a l l
121
122 ! A l t e r n a t i v e model ing−d e l e t i n g volume
123 ! +++++++++++++++++++++++++++++++++++++++ !
124 ! v s e l , s , , , 1 , s l i cenum , 1 !
125 ! vadd , a l l !
126 ! vde le , s l i c e n u m +1 !
127 ! a l l s e l , a l l !
128 !
129 ! endnum=4* s l i cenum−2 !
130 ! a s e l , s , , , 1 , endnum , endnum−1 !
131 ! a d e l e , a l l !
132 ! a l l s e l , a l l !
133 ! +++++++++++++++++++++++++++++++++++++++ !
134
135 ! /PNUM,AREA, 1
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136 ! a p l o t
137
138 ! combine u n n e c e s s a r y l i n e s
139 lcomb , 1 , 2 , 0
140 lcomb , 3 , 4 , 0
141 *do , i , 1 , s l i cenum , 1
142 lcomb , 1 0 * i −5 ,10* i −4 ,0
143 lcomb , 1 0 * i −3 ,10* i −2 ,0
144 * enddo
145
146 a l l s e l , a l l







152 ! C o n t r o l mesh s i z e
153 l s e l , s , , , 1 , 3 , 2
154 l e s i z e , a l l , , , 4 0 , , , , , 1
155 a l l s e l , a l l
156
157 l s e l , s , , , 5 , 1 0 * ( s l i cenum −1) ,10
158 l e s i z e , a l l , , , 4 0 , , , , , 1
159 a l l s e l , a l l
160 l s e l , s , , , 7 , 1 0 * ( s l i cenum −1) ,10
161 l e s i z e , a l l , , , 4 0 , , , , , 1
162 a l l s e l , a l l
163
164 l s e l , s , , , 9 , 1 0 , 1
165 l e s i z e , a l l , , , 1 , , , , , 1
166 a l l s e l , a l l
167
168 l s e l , s , , , 1 0 * s l i c e n u m +1 ,12* s l i cenum−2
169 l e s i z e , a l l , , , 1 , , , , , 1
170 a l l s e l , a l l
171
172
173 ! S t a r t Mesh
174 MSHAPE, 0 , 2D
175 MSHKEY, 1
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176 amesh , 3
177 amesh , 4
178
179 k=1
180 *do , i , 4 * s l i c e n u m +1 ,6* s l i cenum −3 ,2
181 type , 1
182 mat , 1
183 secnum , k





189 *do , i , 4 * s l i c e n u m +2 ,6* s l i cenum −2 ,2
190 type , 1
191 mat , 1
192 secnum , k







198 / SHRINK, 0
199 / ESHAPE, 0
200 / EFACET, 1
201 / RATIO , 1 , 1 , 1
202 /CFORMAT, 3 2 , 0
203 / REPLOT
204
205 e p l o t
206 ! Apply C o n s t r a i n t s and l o a d s
207 ! Move t o c y l i n d r i c a l c o o r d i n a t e
208 csys , 1
209 n r o t a t , a l l
210
211 ! C o n s t r a i n t s
212 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
213 ! A l l D i s p l a c e m e n t a t Base
214 n s e l , s , loc , z , 0 , 0
215 d , a l l , a l l , 0
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216 a l l s e l , a l l
217
218 ! R a d i a l D i s p l a c e m e n t a t t h e o t h e r end !
219 n s e l , s , loc , z , h e i g h t , h e i g h t
220 d , a l l , ux , 0
221 a l l s e l , a l l
222 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
223
224 ! Loads
225 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
226 ! Compress ion Load a t t h e o t h e r end
227 n s e l , s , loc , z , h e i g h t , h e i g h t
228 d , a l l , uz , l o a d z
229 a l l s e l , a l l
230
231 ! Torque l o a d a t t h e o t h e r end
232 ! n s e l , s , loc , z , h e i g h t , h e i g h t
233 ! d , a l l , uy , l o a d y
234 ! a l l s e l , a l l
235
236
237 ! So lve t h e problem
238 / s o l
239 an type , 0
240 nlgeom , o f f
241 ! nlgeom , on
242
243 ! a u t o t s , on ! a u t o t ime s t e p p i n g
244 ! n s u b s t , 5 , 1 0 0 0 , 1 ! S i z e o f f i r s t s u b s t e p =1/5 o f t h e t o t a l
load , max # s u b s t e p s =10
245 ! o u t r e s , a l l , a l l
246
247 s o l v e
248 f i n i s h
249
250 ! P o s t P r o c e s s
251 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
252 / p o s t 1
253 r s y s , 1
254 p l n s o l , u , x , 1 , 1 . 0
255 /SHOW, WIN32C
256 /CLABEL, 1 , 0
110
257 /CONTOUR, 1 , 4 0 ,AUTO, ,
258 / DEVICE ,VECTOR, 0
259 / CTYPE, 0
260 / VIEW, 1 , 1
261 /ANG, 1
262 / REP , FAST
263 /DSCALE, 1 , 1 . 0
264 / r e p l o t
265
266 ! Outpu t t h e r a d i a l d i s p l a c e m e n t
267 ! S e l e c t t h e nodes
268 / head , o f f , o f f , o f f , o f f
269 / fo rmat , 3 , , 1 5 , 4
270 / page , 3 0 0 0 , , 3 0 0 0
271 / e f a c e t , 2
272
273 a l l s e l , a l l
274 ! n s e l , s , loc , x , r a d i u s , r a d i u s
275 n s e l , s , loc , y , 0 , 0
276 n s o r t , loc , z , 1 , 0 , , s e l e c t
277 / o u t p u t , s h e l l r d i s p , d a t
278 p r n s o l , u , x
279 / o u t p u t , s h e l l r c o o r d , d a t
280 n l i s t , a l l , , , , z , node , node
281
282 a l l s e l , a l l
283 n s e l , s , loc , z , h e i g h t , h e i g h t
284 / o u t p u t , s h e l l z d i s p , d a t
285 p r n s o l , u , z
286 f i n i s h
B.5.2 Analysis using solid elements
1 f i n i s h
2 / c l e a r , s t a r t
3 / PREP7
4 ! P a r a m e t e r S e t
5 p i =3.14159265359
6 t h e t a =40
7 a l p h a =10
8 l o a d z =−0.05
111
9 l o a d y = p i / 1 2
10 t h i c k n e s s =0 .1
11
12 l ayernum =3
13 *dim , r a d i u s , a r r a y , l ayernum +1
14 r a d i u s ( 1 ) =2 $ r a d i u s ( 2 ) =2+ t h i c k n e s s $ r a d i u s ( 3 ) =2+2*
t h i c k n e s s
15 r a d i u s ( 4 ) =2+3* t h i c k n e s s ! $ r a d i u s ( 5 ) =2+4* t h i c k n e s s
16
17
18 h e i g h t =4 .5
19 s l i c e n u m =50
20 s l i c e h e i g h t = h e i g h t / s l i c e n u m
21 wrapping = p i / 9
22




25 *dim , SAngle , a r r a y , s l i c e n u m ! S t r a i g h t F i b e r
26 *dim , PAngle , a r r a y , s l i c e n u m ! P u l l−i n ( o u t ) F i b e r
27
28 SAngle ( 1 ) =8 .65 $ SAngle ( 2 ) =8 .66 $ SAngle ( 3 ) =8 .67 $ SAngle ( 4 )
=8 .67 $ SAngle ( 5 ) =8 .68
29 SAngle ( 6 ) =8 .69 $ SAngle ( 7 ) =8 .70 $ SAngle ( 8 ) =8 .71 $ SAngle ( 9 )
=8 .72 $ SAngle ( 1 0 ) =8 .72
30 SAngle ( 1 1 ) =8 .73 $ SAngle ( 1 2 ) =8 .73 $ SAngle ( 1 3 ) =8 .74 $ SAngle
( 1 4 ) =8 .75 $ SAngle ( 1 5 ) =8 .75
31 SAngle ( 1 6 ) =8 .75 $ SAngle ( 1 7 ) =8 .76 $ SAngle ( 1 8 ) =8 .76 $ SAngle
( 1 9 ) =8 .77 $ SAngle ( 2 0 ) =8 .77
32 SAngle ( 2 1 ) =8 .77 $ SAngle ( 2 2 ) =8 .77 $ SAngle ( 2 3 ) =8 .77 $ SAngle
( 2 4 ) =8 .77 $ SAngle ( 2 5 ) =8 .77
33 ! SAngle ( 2 6 ) =9 .85 $ SAngle ( 2 7 ) =9 .85 $ SAngle ( 2 8 ) =9 .85 $
SAngle ( 2 9 ) =9 .85 $ SAngle ( 3 0 ) =9 .85
34 ! SAngle ( 3 1 ) =9 .84 $ SAngle ( 3 2 ) =9 .84 $ SAngle ( 3 3 ) =9 .84 $
SAngle ( 3 4 ) =9 .83 $ SAngle ( 3 5 ) =9 .83
35 ! SAngle ( 3 6 ) =9 .82 $ SAngle ( 3 7 ) =9 .82 $ SAngle ( 3 8 ) =9 .81 $
SAngle ( 3 9 ) =9 .81 $ SAngle ( 4 0 ) =9 .80
36 ! SAngle ( 4 1 ) =9 .79 $ SAngle ( 4 2 ) =9 .78 $ SAngle ( 4 3 ) =9 .78 $
SAngle ( 4 4 ) =9 .77 $ SAngle ( 4 5 ) =9 .76
37 ! SAngle ( 4 6 ) =9 .75 $ SAngle ( 4 7 ) =9 .74 $ SAngle ( 4 8 ) =9 .73 $
SAngle ( 4 9 ) =9 .72 $ SAngle ( 5 0 ) =9 .71
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38
39 PAngle ( 1 ) =75 .85 $ PAngle ( 2 ) =67 .27 $ PAngle ( 3 ) =62 .02 $ PAngle
( 4 ) =58 .22 $ PAngle ( 5 ) =55 .28
40 PAngle ( 6 ) =52 .91 $ PAngle ( 7 ) =50 .95 $ PAngle ( 8 ) =49 .30 $ PAngle
( 9 ) =47 .90 $ PAngle ( 1 0 ) =46 .69
41 PAngle ( 1 1 ) =45 .65 $ PAngle ( 1 2 ) =44 .74 $ PAngle ( 1 3 ) =43 .95 $
PAngle ( 1 4 ) =43 .26 $ PAngle ( 1 5 ) =42 .66
42 PAngle ( 1 6 ) =42 .13 $ PAngle ( 1 7 ) =41 .68 $ PAngle ( 1 8 ) =41 .28 $
PAngle ( 1 9 ) =40 .95 $ PAngle ( 2 0 ) =40 .67
43 PAngle ( 2 1 ) =40 .45 $ PAngle ( 2 2 ) =40 .27 $ PAngle ( 2 3 ) =40 .14 $
PAngle ( 2 4 ) =40 .05 $ PAngle ( 2 5 ) =40 .01
44 ! PAngle ( 2 6 ) =40 .01 $ PAngle ( 2 7 ) =40 .05 $ PAngle ( 2 8 ) =40 .13 $
PAngle ( 2 9 ) =40 .26 $ PAngle ( 3 0 ) =40 .44
45 ! PAngle ( 3 1 ) =40 .66 $ PAngle ( 3 2 ) =40 .93 $ PAngle ( 3 3 ) =41 .26 $
PAngle ( 3 4 ) =41 .64 $ PAngle ( 3 5 ) =42 .09
46 ! PAngle ( 3 6 ) =42 .60 $ PAngle ( 3 7 ) =43 .19 $ PAngle ( 3 8 ) =43 .87 $
PAngle ( 3 9 ) =44 .65 $ PAngle ( 4 0 ) =45 .54
47 ! PAngle ( 4 1 ) =46 .56 $ PAngle ( 4 2 ) =47 .74 $ PAngle ( 4 3 ) =49 .11 $
PAngle ( 4 4 ) =50 .72 $ PAngle ( 4 5 ) =52 .63
48 ! PAngle ( 4 6 ) =54 .94 $ PAngle ( 4 7 ) =57 .80 $ PAngle ( 4 8 ) =61 .48 $
PAngle ( 4 9 ) =66 .50 $ PAngle ( 5 0 ) =74 .46
49
50
51 ! a d j u s t t h e f i b e r a n g l e
52 ! *do , i , 1 , s l i c e n u m / 2
53 ! SAngle ( i ) =90−SAngle ( i )
54 ! PAngle ( i ) =90−PAngle ( i )
55 ! * enddo
56
57 ! Making use o f t h e symmetry o f t h e c u r v e
58 *do , i , s l i c e n u m / 2 + 1 , s l i cenum , 1
59 SAngle ( i ) =SAngle ( s l i c e n u m+1− i )






64 ! D e f in e Element
65 e t , 1 , SOLID185
66 KEYOPT, 1 , 2 , 0
67 KEYOPT, 1 , 3 , 1
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68 KEYOPT, 1 , 6 , 0
69 KEYOPT, 1 , 8 , 1
70
71 MPTEMP, , , , , , , ,
72 MPTEMP, 1 , 0
73 MPDATA, EX, 1 , , 2 0 e6
74 MPDATA, EY, 1 , , 5 0 e3
75 MPDATA, EZ , 1 , , 5 0 e3
76 MPDATA, PRXY, 1 , , 0 . 3 2
77 MPDATA, PRYZ, 1 , , 0 . 5 8
78 MPDATA, PRXZ, 1 , , 0 . 3 2
79 MPDATA,GXY, 1 , , 1 2 e3
80 MPDATA,GYZ, 1 , , 2 0 e3
81 MPDATA,GXZ, 1 , , 1 2 e3
82 MPTEMP, , , , , , , ,
83 MPTEMP, 1 , 0
84 MPDATA, DENS, 1 , , 2 2 0 0
85
86
87 ! D e f in e t h e l a y e r s
88 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−!
89 *do , i , 1 , s l i cenum , 1
90 s e c t , i , s h e l l , ,
91 s e c d a t a , t h i c k n e s s , 1 , PAngle ( i ) ,3
92 s e c o f f s e t , MID
93 s e c c o n t r o l , , , , , , ,
94 * enddo
95
96 *do , j , s l i c e n u m +1 ,2* s l i cenum , 1
97 s e c t , j , s h e l l , ,
98 s e c d a t a , t h i c k n e s s , 1 , SAngle ( j−s l i c e n u m ) ,3
99 s e c o f f s e t , MID




104 ! Geometry model ing
105 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
106 ! C r e a t e t h e k e y p o i n t s a s t h e c e n t e r o f t h e c i r c l e
107 / VIEW, 1 , 1 , 2 , 3
108 / au to , 1
109 *do , i , 1 , s l i c e n u m +1 ,1
114
110 k , i , 0 , 0 , ( i −1)* s l i c e h e i g h t
111 * enddo
112
113 ! C r e a t e a l l t h e volumes
114 *do , j , 1 , l ayernum +1 ,1
115 *do , i , 1 , s l i c e n u m +1 ,1
116 z =( i −1)* s l i c e h e i g h t
117 r 1 a = r a d i u s ( j ) **2
118 r1b =z **2*4* r a d i u s ( j ) **2* s i n ( wrapping / 2 ) **2 / h e i g h t **2
119 r 1 c =−4* r a d i u s ( j ) **2* s i n ( wrapping / 2 ) **2* z / h e i g h t
120 r1 = s q r t ( r 1 a + r1b + r 1 c )
121
122 ! r 2 a = r a d i u s ( j +1) **2
123 ! r2b =z **2*4* r a d i u s ( j +1) **2* s i n ( wrapping / 2 ) **2 / h e i g h t **2
124 ! r 2 c =−4* r a d i u s ( j +1) **2* s i n ( wrapping / 2 ) **2* z / h e i g h t
125 ! r2 = s q r t ( r 2 a + r2b + r 2 c )
126




131 ! C r e a t e v e r t i c a l l i n e s n e c e s s a r y f o r c r e a t i n g a r e a s
132 *do , i , 1 , l ayernum +1 ,1
133 *do , j , 1 , s l i cenum , 1
134 l , 4 * ( j −1)+ s l i c e n u m +2+4*( i −1) * ( s l i c e n u m +1) ,4* j + s l i c e n u m +2+4*(
i −1) * ( s l i c e n u m +1)
135 l , 4 * j + s l i c e n u m +4*( i −1) * ( s l i c e n u m +1) , 4 * ( j +1)+ s l i c e n u m +4*( i −1)




139 ! C r e a t e h o r i z o n a l l i n e s n e c e s s a r y f o r c r e a t i n g volumes t o
mapped meshing
140 *do , i , 1 , layernum , 1
141 *do , j , 1 , s l i c e n u m +1 ,1
142 l , 4 * ( j −1)+ s l i c e n u m +2+4*( i −1) * ( s l i c e n u m +1) , 4 * ( j −1)+ s l i c e n u m
+2+4* i * ( s l i c e n u m +1)
143 l , 4 * j + s l i c e n u m +4*( i −1) * ( s l i c e n u m +1) ,4* j + s l i c e n u m +4* i * (





147 ! Combine t h e l i n e s
148 *do , i , 1 , l ayernum +1 ,1
149 *do , j , 1 , s l i c e n u m +1 ,1
150 lcomb , 4 * j −3+4*( i −1) * ( s l i c e n u m +1) ,4* j −2+4*( i −1) * ( s l i c e n u m +1)
,0




155 ! C r e a t e a r e a s f o r s h e l l s u r f a c e
156 *do , i , 1 , l ayernum +1 ,1
157 *do , j , 1 , s l i cenum , 1
158 L1=2* j −1+4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m !
v e r i c a l l i n e s number i n c u r r e n t l a y e r
159 L2=2* j +4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m
160
161 L3=4* j −3+4*( i −1) * ( s l i c e n u m +1) ! Curved l i n e s number i n
c u r r e n t l a y e r
162 L4=4* j −1+4*( i −1) * ( s l i c e n u m +1)
163 L5=4* j +1+4*( i −1) * ( s l i c e n u m +1)
164 L6=4* j +3+4*( i −1) * ( s l i c e n u m +1)
165
166 a l , L1 , L2 , L3 , L5




171 ! C r e a t e a r e a s f o r c r o s s s e c t i o n
172 *do , i , 1 , layernum , 1
173 *do , j , 1 , s l i cenum , 1
174 L1=2* j −1+4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m !
V e r t i c a l l i n e s number
175 L2=2* j −1+4*( s l i c e n u m +1) * ( layernum +1) +2* i * s l i c e n u m
176 L3=2* j +4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m
177 L4=2* j +4*( s l i c e n u m +1) * ( layernum +1) +2* i * s l i c e n u m
178
179 L5=2* j −1+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
! H o r i z o n a l l i n e s number
180 L6=2* j +2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
181 L7=2* j +1+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
182 L8=2* j +2+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
183
116
184 a l , L1 , L2 , L5 , L7




189 ! C r e a t e t h e a r e a s f o r s l i c e s u r f a c e
190 *do , i , 1 , layernum , 1
191 *do , j , 1 , s l i c e n u m +1 ,1
192 L1=2* j −1+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
! H o r i z o n a l L i n e s number
193 L2=2* j +2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
194
195 L3=4* j −3+4*( i −1) * ( s l i c e n u m +1) ! Curved l i n e s number
196 L4=4* j −3+4* i * ( s l i c e n u m +1)
197 L5=4* j −1+4*( i −1) * ( s l i c e n u m +1)
198 L6=4* j −1+4* i * ( s l i c e n u m +1)
199
200 a l , L1 , L2 , L3 , L4




205 ! C r e a t e t h e volume f o r each l a y e r i n each s l i c e
206 *do , i , 1 , layernum , 1
207 *do , j , 1 , s l i cenum , 1
208 A1=2* j −1+2*( i −1)* s l i c e n u m ! i n s i d e s h e l l a r e a number
209 A2=2* j −1+2* i * s l i c e n u m ! o u s i d e s h e l l a r e a number
210 A3=2* j +2*( i −1)* s l i c e n u m ! i n s i d e s h e l l a r e a number
211 A4=2* j +2* i * s l i c e n u m ! o u s i d e s h e l l a r e a number
212
213 A5=2* j −1+2* s l i c e n u m *( layernum +1) +2*( i −1)* s l i c e n u m ! Cross
s e c t i o n a r e a
214 A6=2* j +2* s l i c e n u m *( layernum +1) +2*( i −1)* s l i c e n u m
215
216 A7=2* j −1+2* s l i c e n u m *(2* layernum +1) +2*( i −1) * ( s l i c e n u m +1) !
Top and down s l i c e a r e a number
217 A8=2* j +2* s l i c e n u m *(2* layernum +1) +2*( i −1) * ( s l i c e n u m +1)
218 A9=2* j +1+2* s l i c e n u m *(2* layernum +1) +2*( i −1) * ( s l i c e n u m +1)
219 A10=2* j +2+2* s l i c e n u m *(2* layernum +1) +2*( i −1) * ( s l i c e n u m +1)
220
221 va , A1 , A2 , A5 , A6 , A7 , A9






227 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
228 ! D e f in e t h e e l e m e n t o r i e n t a t i o n
229 *do , i , 1 , layernum , 1
230 *do , j , 1 , s l i cenum , 1
231 V1=2* j −1+2*( i −1)* s l i c e n u m ! Volume number
232 V2=2* j +2*( i −1)* s l i c e n u m
233
234 L1=2* j +1+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
235 L2=2* j +2+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
236
237 v e o r i e n t , V1 , l i n e , L1




242 ! Meshing S i z e C o n t r o l
243 ! Curved l i n e s i z e
244 *do , i , 1 , l ayernum +1 ,1
245 *do , j , 1 , s l i c e n u m +1 ,1
246 L1=4* j −3+4*( i −1) * ( s l i c e n u m +1)
247 L2=4* j −1+4*( i −1) * ( s l i c e n u m +1)
248
249 l e s i z e , L1 , , , 2 0 , , , , , 1




254 ! V e r t i c a l l i n e s i z e
255 *do , i , 1 , l ayernum +1 ,1
256 *do , j , 1 , s l i cenum , 1
257 L1=2* j −1+4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m
258 L2=2* j +4*( s l i c e n u m +1) * ( layernum +1) +2*( i −1)* s l i c e n u m
259
260 l e s i z e , L1 , , , 1 , , , , , 1





265 ! H o r i z o n a l l i n e s i z e
266 *do , i , 1 , layernum , 1
267 *do , j , 1 , s l i c e n u m +1 ,1
268 L1=2* j −1+2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
269 L2=2* j +2*( layernum +1) *(3* s l i c e n u m +2) +2*( i −1) * ( s l i c e n u m +1)
270
271 l e s i z e , L1 , , , 1 , , , , , 1




276 a l l s e l , a l l
277
278 ! Mapped Mesh
279 MSHAPE, 0 , 3D
280 MSHKEY, 1
281
282 ! Mesh t h e o u t s i d e s u r f a c e l a y e r s
283 *do , i , 1 , layernum , layernum−1
284 *do , j , 1 , s l i cenum , 1
285 V1=2* j −1+2*( i −1)* s l i c e n u m ! Volume number
286 V2=2* j +2*( i −1)* s l i c e n u m
287
288 type , 1
289 mat , 1
290 secnum , j
291 vmesh , V1




296 ! Mesh t h e i n s i d e c o r e l a y e r s
297 *do , i , 2 , layernum −1 ,1
298 *do , j , 1 , s l i cenum , 1
299 V1=2* j −1+2*( i −1)* s l i c e n u m ! Volume number
300 V2=2* j +2*( i −1)* s l i c e n u m
301
302 type , 1
303 mat , 1
304 secnum , j + s l i c e n u m
305 vmesh , V1





310 a l l s e l , a l l
311
312 ! Boundary c o n d i t i o n s and l o a d s
313 csys , 1
314 n r o t a t , a l l
315
316 ! C o n s t r a i n t s a t t h e base
317 n s e l , s , loc , z , 0
318 d , a l l , a l l , 0
319 a l l s e l , a l l
320
321 ! C o n s t r a i n t s and l o a d s a t t h e f r e e end
322 n s e l , s , loc , z , h e i g h t
323 d , a l l , ux , 0
324 d , a l l , uz , l o a d z
325 ! d , a l l , uy ,− l o a d y
326 a l l s e l , a l l
327
328 ! So lve
329 / s o l
330 an type , 0
331 nlgeom , o f f
332
333 ! a u t o t s , on ! a u t o t ime s t e p p i n g
334 ! n s u b s t , 5 , 1 0 0 0 , 1 ! S i z e o f f i r s t s u b s t e p =1/5 o f t h e t o t a l
load , max # s u b s t e p s =10
335 ! o u t r e s , a l l , a l l
336
337 s o l v e
338 f i n i s h
339
340 ! P o s t P r o c e s s
341 ! −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− !
342 / p o s t 1
343 r s y s , 1
344
345 / head , o f f , o f f , o f f , o f f
346 / fo rmat , 3 , , 1 5 , 4
347 / page , 3 0 0 0 , , 3 0 0 0
120
348 / e f a c e t , 2
349
350 a l l s e l , a l l
351 n s e l , s , loc , y , 0 , 0
352 n s e l , r , node , , 1 6 1 , 4 0 0 1 , 8 0
353 n s e l , a , node , , 1 , 2 3 , 2 2
354 n s o r t , loc , z , 1 , 0 , , s e l e c t
355 / o u t p u t , d i s p a l o n g a x i a l , d a t
356 p r n s o l , u , x
357 / o u t p u t , s t r a i n z a l o n g a x i a l , d a t
358 p r n s o l , ep to , comp
359
360 a l l s e l , a l l
361 p l n s o l , u , x , 1 , 1 . 0
362 /SHOW, WIN32C
363 /CLABEL, 1 , 0
364 /CONTOUR, 1 , 1 0 0 ,AUTO, ,
365 / DEVICE ,VECTOR, 0
366 / CTYPE, 0
367 / VIEW, 1 , 1
368 /ANG, 1
369 / REP , FAST
370 /DSCALE, 1 , 1 . 0



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure C.3: The design of the back disk
